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EXECUTIVE SUMMARY

INTRODUCTION

The Spallation Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL), which began operating
in April 2006, provides the United States with a world-leading source of pulsed neutrons for research. As
currently configured, SNS delivers 60 Hz pulses of high-energy protons to a liquid mercury target, where
bursts of neutrons are produced when protons collide with the nuclei of mercury atoms. This First Target
Station (FTS) is optimized for the production of thermal neutrons (i.e., neutrons with wavelength A =
1.8 A) that are ideal for spatial resolutions on the atomic scale and fast dynamics studies of materials.

The Second Target Station (STS) Project substantially expands the capabilities of SNS to meet global
needs for a high-intensity source of cold (long-wavelength) neutrons and sustain US leadership in neutron
scattering for decades to come. Planning for the STS began during the initial SNS project stage
[Carpenter and Mason 2002], and Critical Decision 0 (CD-0) was approved in January 2009 for a facility
with capabilities complementary to those of the FTS and optimized for the production of cold neutrons.

During the past decade, the design of the STS has evolved to meet the need for a facility that can probe
the structure and dynamics of materials over extended length, time, and energy scales. Subcommittees
empaneled by the US Department of Energy (DOE) Basic Energy Sciences Advisory Committee
(BESAC) in 2013 and 2016 [Hemminger and Barletta 2013, DOE 2016] evaluated two proposed
upgrades to SNS: construction of the STS, and an associated proton power upgrade (PPU) to double the
power capability of the SNS accelerator. Both studies found that these upgrades were “absolutely central
to contribute to world-leading science,” and both called for the resolution of questions about the design
and implementation of the STS and the distribution of proton pulses between the two target stations.

These questions have been resolved through extensive consultation with the research community. The
PPU Project [ORNL 2018], initiated in FY 2018, will double the power of the SNS accelerator complex
to 2.8 MW and provide the capabilities needed to divert every fourth proton pulse produced by the
accelerator to a new beamline serving the STS. As outlined in this conceptual design report, the STS
Project will provide researchers from a wide range of disciplines with a facility that offers wholly new
experimental capabilities for addressing key questions across a range of scientific areas [ORNL 2019].

SCOPE

The STS Project includes the design, construction, installation, and commissioning of the facilities and
equipment necessary to create a world-leading source of cold neutrons of unprecedented peak brightness
at SNS. The project leverages the capacity of the existing SNS accelerator, accumulator ring, and
infrastructure and takes full advantage of the performance gains delivered by the PPU Project. The
following are the main scope elements of the STS Project:

e The accelerator systems, including a ring-to-second-target beam transport line operating at 15 Hz to
transport proton pulses to the target

e A water-cooled, rotating, solid tungsten target with closely coupled compact moderators to optimize
the production of high-brightness cold neutrons

e Asuite of five world-class neutron scattering instruments, to be developed in consultation with the
neutron user community
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o Conventional facilities, including a target building, three instrument buildings, and a central utilities
building

e The integrated control systems and computing infrastructure for all technical systems included in the
STS

PERFORMANCE CHARACTERISTICS

The STS Project will deliver a world-leading facility that will produce beams of cold neutrons of
unprecedented peak brightness, delivered in short pulses to an initial set of five instruments designed to
take advantage of the ability of the STS to enable the examination of materials over broad ranges of
length, energy, and time scales. The STS will incorporate advances in neutron instrumentation and
technologies to make optimal use of the neutrons produced by this new source, opening the way to
experiments that are not now possible anywhere in the world. High-level performance characteristics are
listed in Table ES.1.

Table ES.1. High-level performance characteristics of the STS.

Proton beam power capability 0.70 MW
Proton pulse length on target 0.75 ps
Pulse repetition rate 15 Hz
Energy per pulse on target 47 kJ
Target material Tungsten
Number of ambient/cold moderators 0/2

Initial instrument suite 5
Number of instrument positions 22

COST AND SCHEDULE

The current total project cost (TPC) for the STS Project is $1.67B.The cost estimate was established using
a bottom-up approach based on analysis by subject matter experts, historical knowledge from SNS costs,
recent instrument beamline and similar technical component costs and vendor estimates where possible.
The estimates are escalated from fiscal year (FY) 2020. The TPC also includes 36% contingency for the
Total Estimated Cost (TEC), which was estimated using a systematic evaluation of uncertainties and
event risks, and 40% for Other Project Costs (OPC).

The current schedule will lead to the establishment of the performance measurement baseline (CD-2) in
FY24, start of construction (CD-3) in FY25, and project completion (CD-4) in FY31 which includes a
schedule contingency of 24 months.

ALTERNATIVES ANALYSIS and SELECTION

The Spallation Neutron Source (SNS) was completed in June 2006. The BESAC sub-panel that
recommended the initial technical parameters of SNS also urged that flexibility be included in the design
to enable a future increase in proton beam power and the capability to add additional target stations.
Following their recommendation, SNS was constructed to accommodate future upgrades.
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The CD-0 for the SNS (STS was approved in January 2009. In preparation for CD-1 approval, five
potential alternatives to address the mission need for a high- brightness, long-wavelength neutron source
have been considered and evaluated, with the most viable option being to build STS at the SNS and
operate in short-proton pulse mode at 15Hz.

ACQUISITION STRATEGY

The lead contractor for the STS Project will be UT-Battelle LLC, which manages and operates ORNL for
DOE. The design, fabrication, installation, testing, and commissioning of the STS Project will be largely

performed by ORNL scientific and technical staff. Design and construction of conventional facilities and

some hardware fabrication will be executed through subcontracts.
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Project Overview

1. PROJECT OVERVIEW

1.1 INTRODUCTION

The use of neutrons to probe the structure and dynamics of materials at the atomic scale began in the
1940s, when the first generation of nuclear reactors made neutrons available in large enough numbers to
verify that these fundamental particles could be diffracted by a crystal. Neutron diffraction was soon
recognized as a potential “partner to the X-ray and electron diffraction techniques for studying crystal and
molecular structure.” [Wollan and Shull 1948]

With the development first of more powerful reactors and later of accelerator-based sources of neutrons,
in combination with notable advances in instrumentation and techniques, neutron scattering emerged as a
powerful tool for materials characterization. Today, more than a dozen major neutron scattering facilities
are in operation worldwide, including both reactor-based and accelerator-based neutron sources [APS
2018]. In the United States, the US Department of Commerce supports a 20 MW reactor at the National
Institute of Standards and Technology (NIST) Center for Neutron Research (NCNR), and the US
Department of Energy (DOE) supports the 85 MW High Flux Isotope Reactor (HFIR) and the
accelerator-based Spallation Neutron Source (SNS), both located at Oak Ridge National Laboratory
(ORNL).

HFIR delivers steady-state neutron fluxes as high as those of any research reactor in the world. SNS
provides the United States with a world-leading source of pulsed neutrons for research. As currently
configured, SNS delivers 60 Hz pulses of high-energy protons to a liquid mercury target, where neutrons
are produced when protons collide with the nuclei of mercury atoms. This First Target Station (FTS) is
optimized for the production of thermal neutrons (wavelength A ~ 1.8 A) that are ideal for spatial
resolutions on the atomic scale and fast dynamics studies of materials.

The increasing use of neutrons in broad areas of the physical, chemical, biological, and geological
sciences, as well as materials development and human health, is driving demand both for additional
resources and for improvements in the precision and resolution of measurements that can be made with
neutrons. In particular, a source of high-brightness cold neutrons that can simultaneously access a broad
range of energies and wavelengths would provide the scientific community with exciting new
opportunities to examine, understand, and improve a variety of materials.

To respond to this demand, ORNL has proposed the construction of a Second Target Station (STS) at
SNS. Planning for the STS began during the initial SNS project stage [Carpenter and Mason 2002], and
Critical Decision 0 (CD-0) for a facility with capabilities complementary to those of the FTS and
optimized for the production of cold neutrons (wavelength A ~ 5 A) was approved in January 2009.

During the past decade, the design of the STS has evolved to meet the need for a facility that can probe
the structure and dynamics of materials over extended length, time, and energy scales. Subcommittees
empaneled by the DOE Basic Energy Sciences Advisory Committee (BESAC) in 2013 and 2016
[Hemminger and Barletta 2013, DOE 2016] evaluated two proposed upgrades to SNS: construction of the
STS, and an associated proton power upgrade (PPU) to double the power capability of the SNS
accelerator. Both studies found that these upgrades were “absolutely central to contribute to world-leading
science,” and both called for the resolution of questions about the design and implementation of the STS
and the distribution of proton pulses between the two target stations.

These questions have been resolved through extensive consultation with the research community. The

PPU Project [ORNL 2018], which received CD-1 approval in FY 2018, will double the power of the SNS
accelerator complex to 2.8 MW and provide the capabilities needed to divert every fourth proton pulse
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produced by the accelerator to a new beamline serving the STS. As outlined in this conceptual design
report, the STS Project will provide researchers from a wide range of disciplines with a facility that offers
wholly new experimental capabilities for addressing key questions in science, engineering, and human
health.

The STS project utilizes the existing SNS accelerator, storage ring, and infrastructure and takes full
advantage of the performance gains delivered by the PPU Project. The following are the main scope
elements of the STS Project:

e A water-cooled rotating solid tungsten target with closely coupled compact moderators.

e Aring-to-second-target beam transport line (RTST), operating at 15 Hz, to transport proton pulses to
the STS target after separation of the beam at the first ring-to-target beam transport line with a pulsed
kicker magnet, using standard quadrupole and dipole magnets.

o Five world-class neutron scattering instruments that leverage advances in neutron instrument design,
methods, and technologies to multiply the >20x increase in cold neutron brightness relative to FTS
and capitalize on neutrons with moderate wavelength resolution as a source for reflectometry,
medium-resolution spectroscopy, and high-intensity instruments.

e Control systems and computing infrastructure for RTST proton extraction, neutron scattering
instruments, and target systems; technical systems utilities for conventional facilities; and data
acquisition software and hardware for the neutron scattering instruments.

o New building structures to house the second target, instrument halls, beam transport line, secondary
facilities, and supporting systems and infrastructure.

The remaining sections of this chapter present
e A description of the Work Breakdown Structure (WBS) for the STS

¢ Initial cost and schedule estimates based on a preliminary total project cost (TPC) range of $1.34B -
$2.25B.

e A description of the STS Project management organization
12 WORK BREAKDOWN STRUCTURE

The STS WBS contains a complete definition of the project scope and forms the basis for planning,
executing, and controlling project activities. The project WBS to Level 3 is shown in Figure 1.1.

The WBS follows a logical breakdown of Project Management, Technical Systems, R&D, Pre-Ops, and
Conceptual Design at Level 2. Each system is then broken down into lower levels to define sub-elements
of the technical component systems. Costs and resources will be captured within the WBS elements for
all systems and will relate directly to an integrated STS master schedule in which all of the WBS areas are
linked via integrated project links. The WBS dictionary details the work scope and activities for each
WABS element. The following is a high-level summary description of the Level 2 WBS elements:

e S.01—STS Project Management: includes the management, planning, procurement, and general
administration of the project.
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Figure 1.1. Work Breakdown Structure for STS Project, shown to Level 3.

e S.02—Accelerator Systems: includes all the labor, materials, and expenses necessary to design,
procure, build, and install the RTST and its associated technical systems.

e S.03—Target Systems: includes all the labor, materials and expenses necessary to design, procure,

build, and install the target monolith and shielding housing a rotating tungsten target and its

associated technical systems.

e S.04—Instrument Systems: includes all the labor, materials, and expenses necessary to design,
procure, build, and install a suite of world-class neutron instruments and their associated technical
systems. Note: The STS project will build five initial neutron scattering instruments. For project
planning purposes and to illustrate the science enabled at STS, concepts were developed for several
instruments. However, community engagement in the final selection of project-built instruments is in
process and anticipated to be complete by end of the 2020 calendar year. Five of these instrument
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concepts are included in this report as representative of both the range of science enabled at STS and
the range of complexity and physical and technical parameters anticipated for STS instruments. They
include one inelastic spectrometer, two diffractometers, one reflectometer, and one small- and wide-
angle neutron scattering instrument. Instrument lengths range from 18 to 90 M, essentially the
shortest and longest instrument lengths that can be achieved at STS. Therefore the WBS and detailed
cost and schedule developed for these five representative instruments are an appropriate basis for
estimating cost.

e S.05—Conventional Facilities: includes all the labor, materials, and expenses required to design,
procure, and construct a target building, three instrument buildings, a central utilities building, and an
office building.

e S.06—Integrated Control Systems: includes all the labor, materials and expenses necessary to design,
procure, build, and install the integrated control systems and computing infrastructure for all technical
systems.

o S.07—R&D: includes all the labor, materials and expenses required to design, procure, and test
components to support research and development (R&D) in accelerator, target, and instrument
systems.

e S.08—Pre-Ops: includes all the labor and materials to complete the pre-ops portion of the project.
Pre-ops is defined as starting after the accelerator and instrument readiness reviews are completed and
signed off.

e S.9—Conceptual Design: includes all the labor, materials and expenses necessary to successfully
complete conceptual design for all technical WBS elements.

The full WBS, down to the control account level, is available in the WBS document and the WBS
dictionary. Development of the WBS and WBS dictionary is consistent with the requirements of DOE
Order 413.3B, “Program and Project Management for the Acquisition of Capital Assets.”

1.3 COST AND SCHEDULE
1.3.1 Cost

The TPC point estimate is $1.67B. It was developed using a bottom-up estimate approach. The basis of
the estimate strategy to establish a reasonable point estimate and range includes the following:

Recent experience from SNS upgrade activities on the accelerator, target, and instrument beamlines
Subject matter expert analysis

Estimates from suppliers for commercial off-the-shelf items

Experience from other facilities

Historical information from similar deliverables

Vendor estimates, where possible

The TPC point estimate is generated from the integrated master schedule and includes direct costs,
indirect costs, escalation, and contingency. All cost estimates are based on the solutions required to satisfy
the technical designs detailed in the technical sections within this report.

A bottom-up contingency estimate has been generated using a systematic approach to assess the
uncertainty and event risks for all WBS elements. The established contingency is 36% of the Total
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Estimated Cost (TEC), and 40% of the Other Project Costs (OPC). The cost contingency, although
originally estimated based on individual cost elements, is not assigned and is held by the Federal Project
Director.

1.3.2 Schedule

Table 1.1 shows proposed Level 1 milestones for the STS Project. The STS integrated schedule was
developed from the detailed WBS elements, which include resource loading for all activities and inter-
project links that link the various activities. Long lead procurements at stages CD-3A and CD-3B will be
essential to move the project forward in a timely manner. These critical procurements will include site
preparation, pile driving, initial concrete pours, and neutron guide procurement. The project schedule will
be refined during preliminary design, and final milestones will be established at CD-2.

Table 1.1. Proposed Level 1 milestones for STS Project.

Proposed Level 1 Milestones Schedule
CD-0, Approve Mission Need Jan 2009 (A)
CD-1, Approve Alternative Selection and Cost Range FY 2020 Q4
CD-3A, Approve Long Lead Procurement FY 2023 Q2
CD-2/3h, Approve Performance Baseline and Long Lead Procurement FY 2024 Q2
CD-3, Approve Start of Construction FY 2025 Q2
CD-4, Approve Project Completion FY 2031 Q3

Figure 1.2 shows a high-level summary of the current project schedule which is consistent with the
preliminary baseline schedule. The schedule is consistent with the WBS and includes project activities,
critical decision (Level 1) approval milestones, major procurement award dates, and the early finish date.

A detailed resource loaded schedule has been developed with approximately 7,000 logically linked

activities and milestones. The project has adopted a 24 month schedule contingency resulting in a project
completion date and approval of CD-4 in Q3 of FY 2031.
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STS Overview Schedule
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Figure 1.2. STS Project high-level summary schedule.
1.4 PROJECT MANAGEMENT

The DOE Office of Science (DOE-SC), Office of Basic Energy Sciences (BES), provides program
direction and funding for the STS Project through the ORNL Site Office (OSO) to ORNL via work
authorizations and approved financial plans and provides program-level oversight and coordination. Day-
to-day oversight is provided by the OSO staff located at ORNL. As the management and operations
contractor for ORNL, UT-Battelle LLC is accountable to DOE for carrying out the STS Project. An
integrated project team (IPT) comprising DOE, ORNL, and other participants, when appropriate, has been
established to accomplish this project. The IPT organization chart is shown in Figure 1.3.

The STS IPT, headed by the DOE federal project director, includes the following core members:

DOE federal project director
DOE/BES program manager
STS Project director

STS Project manager

STS Project controls manager

The IPT holds regularly scheduled meetings to communicate STS Project progress, resolve issues, and
provide coordinated management of the overall project. The project director and project manager manage
the STS Project on behalf of UT-Battelle LLC. The project director reports directly to the ORNL
laboratory director. The organizational chart is shown in Figure 1.4.
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Science at the STS

2. SCIENCE AT THE STS

The ability to probe the structure and dynamics (internal motions) of materials, beginning at the atomic
level and extending to objects well beyond the nanometer scale, is essential to the development of future
technologies that will drive this nation’s economy—new batteries and structural materials for
transportation, new catalysts for efficient production of fuels and chemicals, next-generation polymers
that make it possible to upcycle waste into new consumer products, and quantum materials to enable
advances in computing and sensors. The STS will provide transformative new capabilities to examine
materials over broad ranges of length, energy, and time scales and address the research community’s need
for bright beams of cold neutrons. Science opportunities enabled by the STS were illustrated in a report
that describes examples of first experiments to be conducted at the STS [ORNL 2019]. This chapter is an
abridged version of this longer report and is complemented by instrument-specific science cases defined
in Chapter 5 of this document for the five instruments identified for concept development to support
project planning.

The mission of the DOE Office of Science is to deliver scientific discoveries and major scientific tools to
transform understanding of nature and advance the energy, economic, and national security of the United
States. To carry out this mission, the Office of Science develops and operates a set of advanced scientific
user facilities. These tools for scientific discovery and innovation, used by thousands of scientists
annually, include some of the world’s best resources for understanding and characterizing materials at the
level of atoms and molecules. The Office of Science has developed powerful sources of x-rays and
neutrons, including five x-ray light sources and two neutron scattering facilities, and provides additional
capabilities at five nanoscale science research centers that include advanced electron microscopies.
Experiments conducted using these scientific tools have extended the frontiers of science and led to new
technologies with real-world applications.

Neutrons are a unique tool to study materials: because they carry no electrical charge, they interact
directly with the nuclei in a material and are sensitive to light elements as well as isotopic differences;
neutrons carry a magnetic moment and thus directly interact with magnetic structure and excitations; and,
because they penetrate deep into materials, they can be used to study samples inside pressure or reaction
vessels. Neutrons can be produced with a wide range of wavelengths suitable to probing structures from
the atomic level through 100s of nanometers and beyond, while having energies that are well matched to
studying collective excitations and individual atomic motions. Neutrons interact with nuclei and magnetic
fields in quantitative ways that support direct comparison between experiment and theoretical and
computational modeling. The two neutron sources in the United States supported by the DOE Office of
Science, the HFIR and the SNS, are both located at ORNL.

HFIR produces continuous beams of either cold or thermal neutrons. It has 12 instruments available to the
user community. At SNS, a 1.4 MW accelerator delivers high—peak-brightness neutrons, tailored for high
wavelength resolution, to a suite of 19 instruments. An upgrade under way at SNS will double the power
capability of its accelerator to 2.8 MW by 2024.

2.1 STS: SECURING US LEADERSHIP IN NEUTRON SCATTERING

The STS will produce beams of cold neutrons with world-leading peak brightness at a repetition rate of
15 Hz, providing broad energy/wavelength ranges that can be used simultaneously. Construction of the
STS will provide transformative capabilities that allow thousands of users from national laboratories,
universities, and industry to address grand scientific challenges [Hemminger 2015], advance energy
research [BES 2019], and accelerate industrial innovations through the combination of
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e Cold (long-wavelength) neutrons of unprecedented peak brightness (1.5x10% n/s/cm?/A/ster at A =

3A)

e Short neutron pulses with broad ranges of usable wavelengths or energy (AL =13.2 A at 15Hz ata
distance of 20 m from the source)

This unique combination of neutron beam characteristics will open new avenues for examining materials
and systems over greatly increased length, energy, and time scales. These characteristics—in combination
with new instruments and sample environments, advances in neutron optics and detectors, and new
computational methods—will make it possible to conduct a wide range of experiments not now possible
anywhere in the world. Specifically, the STS will provide unigue capabilities for experiments that require

o Time-resolved neutron measurements of chemical and physical processes, such as materials as they
are being synthesized, processed, or self-assembled; chemical processes at interfaces; and changes in
biological macromolecular complexes

e More intense neutron beams focused to explore smaller samples of newly discovered or synthesized
materials, or materials under the extreme conditions of magnetic field, pressure, and temperature that
are often encountered in energy technologies

¢ Simultaneous measurements of hierarchical architectures across an unprecedented range of length
scales, from atomic scale to the micron and beyond, that will reveal how materials, such as polymers,
self-assemble into hierarchical structures and how proteins interact in living biological cells

The STS will provide transformative new capabilities for many fields of research—materials science,
physics, chemistry, geology, biology, and engineering, among others. Section 2.2, “Science Enabled by
STS,” presents examples of opportunities to apply these capabilities to challenges in five key areas of
science: polymers and soft materials, quantum matter, materials synthesis and energy materials, structural
materials, and biology and life sciences.

The capabilities offered by the STS instruments (22 when fully built out) will complement those of the
FTS and HFIR, providing the United States with unparalleled resources for neutron scattering at the
world’s leading high—peak brightness cold neutron source, as shown in Figure 2.1.

2.1.1 The International Landscape for Accelerator-Based Neutron Sources

Powerful new accelerator-driven neutron sources in other nations include the neutron source at the Japan
Proton Accelerator Research Complex (J-PARC), a short-pulse source operating at 25 Hz with a design
power of 1 MW, and the European Spallation Source (ESS), a long-pulse source to be operated at 14 Hz
and 2 MW when construction is completed in 2025 (with plans for an upgrade to 5 MW in the future).
The lower repetition rates of J-PARC and ESS will allow the use of broader ranges of neutron energies in
each pulse compared with FTS. The long pulses of neutrons at 14 Hz at ESS will provide both high peak
brightness and a broad range of neutron energies (a strength of short-pulse spallation neutron sources with
low repetition rates) and high time-averaged fluxes of both cold and thermal neutrons (a strength of
reactor-based sources).
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Figure 2.1. Peak and time-averaged brightness of existing (closed circles) and planned (open circles) sources
of cold neutrons (wavelength A =5 A). CSNS: China Spallation Neutron Source, China; ESS: European Spallation
Source, Sweden; FRM-II: Forschungsreaktor Miinchen Il, Germany; ILL: Institut Laue-Langevin, France; ISIS:
ISIS Neutron and Muon Source, UK (TS: Target Station); J-PARC: Japan Proton Accelerator Research
Complex, Japan.

2.2 SCIENCE ENABLED BY THE STS

The scientific community has evaluated opportunities to apply the capabilities of the STS to emerging
challenges in a variety of fields. The examples presented in this section span polymers and soft materials,
guantum matter, materials synthesis and energy materials, structural materials, and biology and life
sciences, illustrating the extraordinary potential of the STS to impact a broad spectrum of scientific fields.

2.2.1 Polymers and Soft Materials

Polymers and soft matter self-organize through very weak interactions into larger structures, creating
hierarchically structured materials with macroscopic properties stemming from the interplay of the
structures found at different length scales. Because these structures can be altered through changes in
temperature, pressure, stress or flow, soft materials are more readily tailored than most other materials,
thereby affording new ways to create a desired structure or function.

Neutron scattering is a key tool for studying polymers and soft materials because neutrons can penetrate
reaction vessels, allowing in situ measurements to monitor reaction processes, without destroying the
relatively weak bonds in the materials. In addition, neutrons have strong sensitivity to both hydrogen and
deuterium but can readily differentiate between the two to provide insight into reaction mechanisms and
structure. These capabilities, combined with the high flux and broad energy range provided by the STS,
will provide transformative capabilities to probe transient, time-dependent, and nonequilibrium processes
in soft materials, with measurements completed in seconds or less, including
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e high peak brightness and pulse structure that allow monitoring of the evolution of out-of-equilibrium
states

o simultaneous characterization at length scales from the atomic level up to the emerging nanoscale and
mesoscale hierarchical architectures

o simultaneous resolution of length and time scales, particularly when combined with specific contrast
to identify soft molecular interactions and cooperativity

A fundamental question in polymer science and
technology is

How can we control the assembly of soft matter to
realize a wholly new generation of dynamic,
hierarchical, polymorphic, and reconfigurable
materials?

Answering this question would allow scientists to design
soft materials with functionality approaching that of
natural systems or even to design polymers with superior

(m/
=3 f] SR

properties that can be readily recycled to create new high- e
value materials. :

- .
N

For example, coacervate complexes are formed from Coacervate

charged polymers that self-assemble (Figure 2.2) as a Figure 2.2. Schematic of an ABA block
result of mainly electrostatic attraction between oppositely copolymer complex coacervate. The
charged polymers. These materials are of high interest oppositely charged A blocks create the
because they can respond to “triggers” in ways that cause coacervate (lower left). The coacervate domains
their functionality to change. For instance, they could be are bridged by the neutral B block (here
employed to deliver specific “cargoes,” such as ions in polyethylene glycol, or PEG). The coacervate

domains can adopt a loose gel-like structure
(lower right) that can become very well ordered
at the nanoscale (top left) if concentrations are

high enough (Source: Srivastava et al. Nat.

batteries (triggered with electric fields) or drugs for
medical applications (triggered with changes in pH). These
materials could form the foundation for production of

robust smart materials that strengthen upon application of Commun. 2017). The time evolution of such
strain or self-heal by forming new chemical bonds. systems will be observable with the capabilities

) ) available at the STS. Source: Courtesy of Peter
Today, the processes by which polymer chains respond Allen, Institute for Molecular Engineering,
during coacervation remain largely unknown. But under- University of Chicago.

standing the formation pathways is critical to being able to

design these materials to provide desired functionality. Neutrons are well suited to probing such systems,
but observing the relevant length scales with a time resolution of seconds or below is not currently
possible. The capabilities of the STS, including a new generation of instrumentation, will enable the study
of these processes over wide time and length scales with a real-time resolution of seconds. With these
world-leading capabilities, researchers can finally decode this longstanding mystery and unlock our
ability to predictively design these 3D structures to deliver highly functional coacervate materials.

2.2.1.1 New Scientific Opportunities
The new capabilities provided by the STS will revolutionize the ability to understand nanoscale changes

in soft materials with neutrons. They will provide new opportunities for the study of time-resolved
phenomena associated with the processing, 3D printing, or assembly of complex polymers, soft materials,
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and nanomaterials. As a result, these next-generation instruments will lead to breakthroughs in the
development of responsive, recyclable, and reconfigurable materials for future energy technologies such
as photovoltaics, fuel cells, batteries, lightweight materials, lubrication, gas purification, water

desalination, and microelectronics and computing.

2.2.2 Quantum Matter

Quantum materials hold exceptional promise for the development of next-generation computers, high-
precision sensors, and new energy technologies. Examples of quantum materials include superconductors,
in which electrons form a collective quantum state that carries electricity with no resistive heat losses;
topological materials, in which the geometric connectivity of quantum states leads to a novel form of
electron transport at surfaces; and superfluids, which can flow with zero viscosity.

Neutron scattering provides unique insight into the workings of these materials because of the sensitivity
of the neutron to the magnetism, or spin, of electrons, and the ability of neutrons to probe low-energy
fluctuations that determine the behavior of quantum states. The high brightness and wide energy
bandwidth provided by the STS will enable studies of new quantum materials at the very earliest stages of
discovery and will extend the application of neutron scattering to new classes of materials, such as
artificially layered materials, interfaces, or assemblies of nanoparticles that are difficult to access with
current neutron sources. Thus, the STS will accelerate the transformation of quantum materials into new
technologies with the potential to strengthen national security, create unparalleled computing power, and

enhance economic competitiveness.

One of the key questions in guantum materials
research is

How can quantum fluctuations be controlled
and exploited to design new materials for
energy-relevant technologies?

One intriguing example is a quantum spin liquid
(QSL), a state in which the motions of highly
entangled spins behave like new kinds of particles.
Greater understanding of the behavior of these
particles may make it possible to deploy them in
future technologies. An excellent illustration is
provided by a theoretical construct known as the
Kitaev model, a network of spins on a honeycomb
lattice. This QSL model gives rise to particle-like
fluctuations, known as Majorana fermions, that
could form the basis of a technology for quantum
computing. As materials exhibiting the essential
features of the Kitaev model are developed, neutrons
will be an essential tool for characterizing and
understanding their behavior. Majorana fermions
(see Figure 2.3) produce a signature that can be seen
in a neutron scattering measurement made with the
unprecedented resolution, intense beams, and broad
bandwidth that will be supplied by the STS.
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Figure 2.3. Using neutrons to explore Kitaev QSLs.
Top: Artist’s conception of a neutron exciting a
Majorana fermion in a Kitaev QSL. Image source:
ORNL. Bottom: Predicted inelastic neutron scattering
pattern for a Kitaev QSL. Source: Banerjee et al.
Science 356, 2017.
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2.2.2.1 New Scientific Opportunities

The field of quantum materials is growing rapidly and goes far beyond QSLs to include emergent
topological states in spin-orbit coupled metals, Weyl semi-metals, axion insulators, and topological Mott
insulators. The key characteristics of the STS will enable unprecedented insights into the fundamental
physics of these materials, which is critically important for opening pathways to new technologies. For
example, the high peak brightness and highly focused beams of the STS will make it possible to perform
neutron studies on smaller samples than are currently possible, allowing newly synthesized materials to
be examined early in the discovery process. This sensitivity will also make it possible to study layered
materials with interfaces designed to enhance quantum properties in devices, providing unprecedented
understanding of thermal or magnetic transport across these designed interfaces.

The STS will also make it possible to study quantum materials under extremes of magnetic field or
pressure. Under such extreme conditions, new and uniquely detailed information will be obtained on the
types of interactions that determine a material’s properties. Also, the high peak brightness and energy
bandwidth attainable with the STS will facilitate fundamentally new ways of looking at quantum matter.
The unrivaled peak brightness of STS will dramatically expand the ability to probe time-dependent
processes in materials. For measurements on time scales of seconds or longer, the additional intensity will
enable faster measurements with better time resolution. Stroboscopic measurements, when possible, will
enable much faster time-resolution on the microsecond to the millisecond scales. Time-resolved
measurements at the STS will enable an atomic-level view of quantum materials beyond thermal
equilibrium, providing important insights into in operando behaviors that are crucial for the development
and application of these materials in computing, sensors, and energy technologies.

2.2.3 Materials Synthesis and Energy Materials

Understanding the chemical processes involved in the synthesis of materials, as well as those associated
with energy production, storage, and use, requires the ability to observe and characterize multiple
processes simultaneously across broad length and time scales. For example, in the case of energy storage
materials used in a battery or supercapacitor, charging and discharging, energy flow, and chemical
reactions at the atomic scale are coupled to changes in the electrode structure and to performance of the
device at much larger length scales.

Understanding how dissolved species that carry charge interact with the surrounding fluids is also of
critical importance. For a battery, this is the interaction of charge-carrying species (e.g., lithium) with the
electrolyte (typically an organic liquid). Because both charge carriers and electrolytes are made up of light
elements, neutrons provide an exceptionally sensitive means of probing these processes. Further,
uncertainties in the chemical reaction mechanisms that occur during the precipitation of solid phases from
liquids (e.g., the formation of undesirable secondary phases in a battery that can shorten its lifetime or
lead to catastrophic failure), and the subsequent assembly of small particles into macroscopic aggregates,
hinder our ability to predict new device performance and develop new materials synthesis strategies.

Neutron scattering is essential to attaining a detailed understanding of materials characteristics and
behaviors—including roles of disorder and defects, fluid flow and reactivity, kinetics, materials growth
and synthesis, and performance in nonequilibrium and extreme conditions—and to understanding how
components and integrated materials in devices function under real-world conditions. Such knowledge is
a prerequisite for developing the next generation of energy technologies and understanding hierarchical
and heterogeneous structures from the atomic scale to actual components and systems. And transitioning
that knowledge to practical uses requires an integrated understanding of synthesis at the nano-, meso-, and
macroscale. STS instruments will incorporate multiple modalities by combining different neutron
scattering analyses made simultaneously on a single sample, and by combining neutron measurements
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with those made using other analytical tools. The power and adaptability of the STS beamlines will allow
significant advances in the ability to conduct complex experiments in situ and in real time.

Two key questions for designing new energy materials are

How are atomic-scale reactions in liquids linked to the macroscopic structure and transport
within a material?

How we can take advantage of this linkage to design and control energy materials more efficiently?

The STS will provide wholly new capabilities to
address these questions, including the ability to
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quantitative and mechanistic understanding of 201 Carbon

how macroscopic system performance over time is
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Figure 2.4. Simulated neutron scattering data for a

potential energy storage electrode material made
from carbide-derived carbon. Ex situ measurements of
nanoscale and atomic structure have been artificially
stitched together to simulate a single data set spanning

2.2.3.1 New Scientific Opportunities

STS will offer transformative opportunities

for capturing the structure and dynamics of the size range that will become accessible in a single,
complex materials systems in situ and in real time time-resolved in situ experiment on STS instruments.
at a temporal resolution of minutes, allowing Source: H.-W. Wang, ORNL; inset: Zhan et al. 2017,
researchers to follow chemical reactivity self- PubMed).

assembly mechanisms at the atomic/molecular

level through transport/aggregation/crystallization toward targeted architectures or functionalities. Doing
so will make it possible to establish quantitative links between specific atomic-level solvation structures
in solution and reaction pathways during liquid-solid transitions, and then extend these linkages to
specific nanoscale morphologies, aggregation behavior, and the ultimate macroscopic crystal form.
Without the ability to link relevant reaction and assembly mechanisms across length scales, it will be
difficult to control hierarchical assembly and crystallization reactions to tailor specific properties or
material morphologies.

Characterizing reactivity, selectivity, and kinetics associated with the reaction and separation of products
in solution, under realistic conditions of temperature and pressure, will have a broad impact on DOE
missions in science and energy and on the development of new materials and chemical processes for
future applications in energy efficiency, production, and storage. The benefits of these new STS
capabilities will extend to many processes in which complex aqueous solutions are used, such as
treatment of contaminated slurries found in waste tanks, synthesis of materials inspired by biology, and
understanding of geological processes [Zhan et al. 2017].
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2.2.4  Structural Materials

Structural materials are ubiquitous in modern society as key components in automobiles, airplanes,
buildings, bridges, and many more applications. However, today’s structural materials realize only about
10% of their theoretical strength. A grand challenge in structural materials is how to increase strength to
near-theoretical levels without sacrificing other essential properties, such as ductility and toughness.
Solving this challenge would make it possible to realize a new generation of lightweight, high-strength
materials. Improvements in the understanding of other aspects of structural materials, including their
response to manufacturing and processing (e.g., additive and metamorphic manufacturing processes) and
their degradation under extreme conditions (e.g., corrosion and irradiation), could also lead to substantial
improvements in performance and to the development of new materials.

Neutrons provide valuable capabilities for studying structural materials, thanks to their deep penetrating
power, their ability to monitor atomic-level changes during actual operating and processing conditions,
their strong sensitivity to isotopic differences, and, in many cases, their ability to differentiate between
elements that are indistinguishable by other characterization technigques. The high brightness and broad
energy bandwidths of the STS will advance the study of structural materials by making it possible to

o probe smaller sample volumes to understand complexities and variations in chemistries and macro-
structures/microstructure that typically control essential materials properties such as (ion) transport
under corrosion conditions, strength, and ultimate functional performance and reliability

e observe transient, time-dependent, and nonequilibrium processes in structural materials, including
capturing structural evolution during processing or operation with subsecond time-resolved
measurements

e investigate complex and low-symmetry materials and characterize microstructural and
crystallographic features across multiple
length scales simultaneously

Precipitate
While there are well-established scientific e i
methods for achieving ultrahigh strength in

structural materials, in almost all cases they
degrade ductility. Only a few notable exceptions
have been discovered in which this strength—
ductility trade-off is defeated. The exceptions
involve either the dynamic generation of certain
types of interfaces (twin or phase boundaries)

Shress

during deformation, or use certain types of b e

nanoscale precipitates or ordered complexes. ; B

Broadly speaking, the former approach is better AR Base alloy:

suited for enhancing ductility and the latter for v—{—L ) buctile but weak
improving strength. A combination of the two is o 4

therefore needed to maximize strength and :

ductility: that is, an optimal distribution of i

precipitates in a metastable matrix that undergoes Figure 2.5. Strength and ductility. Schematic of
twinning and/or phase transformation when interplay between spatial confinement due to precipitates
stressed or strained (Figure 2.5). and activation of multiscale hardening mechanisms to

achieve high strength and ductility.
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Although the broad outlines of how to accomplish this combination are known, important scientific
questions need to be answered to develop a sound basis for alloy design:

Do twin and phase boundaries act merely to provide a steady (or increasing) source of work
hardening and thus delay the onset of necking instability, or do they also provide additional
deformation modes to accommodate the applied strain and thus enhance ductility?

How can the metastability of the matrix, and the volume fractions, morphologies, and sizes of the
strengthening precipitates, be controlled to obtain the highest combination of strength and ductility?

What are the effects of spatial confinement due to grain boundaries or precipitates on the activation
barriers for twinning and stress-induced phase transformations?

The STS will enable in situ neutron diffraction experiments to study the evolution of relevant
microstructural features and load partitioning across length and time scales as a function of strain and
temperature. Small-angle neutron scattering (SANS) techniques will provide quantitative measurements
of critical precipitate distributions. In combination with theoretical calculations of phase stability and
defect energies, these results will help develop broadly applicable scientific principles that can be used to
design future generations of stronger and tougher alloys.

2.2.4.1 New Scientific Opportunities

The STS will provide exciting new capabilities for structural materials, because it will provide informa-
tion at high resolution for specific regions in a material while also examining a material across broad
length scales. This will allow simultaneous characterization of microstructures, including nucleation and
growth of precipitates, metastable phases in complex alloys and composites, long-range order, and
defects. The example highlighted in Figure 2.5 is a single example of how the STS can help clarify
governing mechanisms in next-generation advanced materials, many of which will be increasingly
complex and even hierarchically structured. The macroscopic properties of such materials result from
multiscale interactions among features from the atomic scale to the microscale. Thus, probes are needed
to simultaneously examine those features across those length scales as a function of time. The new
capabilities of the STS will enable researchers to conduct entirely new experiments on these advanced
materials. Simultaneous measurement of neutron diffraction and SANS data will eliminate the ambiguity
of comparing measurements taken with different techniques on different samples. The ability to
simultaneously observe these phenomena on time scales similar to those in actual applications is essential
to advance our understanding of how a structural material responds to realistic conditions. These insights
into structure-property relationships are critical for the design of a new generation of structural materials,
improving both the reliability and performance of these materials in transportation, buildings, and many
other applications.

2.2.5 Biology and Life Sciences

Natural systems demonstrate a mastery of chemical and physical principles that enables highly selective
catalytic processes, efficient energy conversion, and optimized materials synthesis.

The unprecedented peak brightness and broader energy range of neutrons at the STS, with associated
advances in neutron optics and detectors, will transform neutron scattering capabilities for biological
research. The brightness and energy range of the STS will make it possible to observe changes in
biological systems in real time, using smaller samples, and across the multiple length scales relevant to
biological systems, from quantum biological phenomena up to cellular scales. Combining the capabilities
of the STS with precision deuterium labeling, multimodal experimental environments (or techniques), and
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high-performance computing will allow cinematic observations of collective motions in biomolecular
systems and of cellular components as they interact in real time to form functional complexes and higher-
order assemblies. A dynamic understanding of the function of complex, hierarchical biological systems
will become possible, enabling advances in areas such as artificial photosynthesis, biocatalysis, and
biopharmaceuticals

A major question in biological research is

Can the molecular basis of life’s processes be understood to obtain a predictive understanding
of the designs and mechanisms that underpin them?

Obtaining this knowledge will make it possible to mimic the architectures and processes of living systems
to create new bio-inspired materials and processes for developing new energy technologies. In addition,
the information will provide insights into molecular and cellular processes that will enhance human health
and quality of life.

For instance, nature uses sunlight to convert water into oxygen; most of the oxygen in the atmosphere is
generated by plants, algae, and cyanobacteria through this reaction. Photosynthetic processes also convert
atmospheric carbon dioxide (CO;) into sugar. Understanding photosynthetic processes could open the
way to the development of biomimetic processes to efficiently generate fuels and useful chemicals, such
as photo-induced production of hydrogen or conversion of CO, to hydrocarbons.

Neutron scattering provides a number of advantages for the study of biological systems. First, neutrons
are highly sensitive to hydrogen, so hydrogen atoms can be located and followed during biological
processes to explore reaction pathways and chemical mechanisms. In addition, neutrons can readily
distinguish hydrogen from its isotope deuterium, enabling a powerful experimental technique, isotopic
contrast variation. Through the judicious substitution of deuterium for hydrogen, contrast can be
increased or eliminated, making it possible either to highlight specific molecules or even parts of a living
cell, or to make them invisible to neutrons. Finally, neutrons can probe delicate biological materials
without damage.

As an example, for the case of the conversion of water into oxygen, the multi-subunit membrane protein
photosystem Il contains a small metal ion cluster, MnsCaOs (Figure 2.6), that catalyzes the oxidation of
H,0, forming an oxygen-oxygen bond. This light-induced reaction is thought to involve five intermediate
states (illustrated on the right side of Figure 2.6). The oxidation state of the manganese atoms within the
cluster alters during the reaction; and neutrons can probe both the structure and dynamics of the system
during this critical process without interfering with it, unlike probes that can ionize the metal cluster.
Further, with the new capabilities of the STS, it will be possible to obtain detailed insight into the water
environment of the catalytic site. This information will provide critical information on light-induced
changes in the hydrogen bonding network and protonation around the active site.

The new capabilities of STS will enable researchers to rapidly take snapshots throughout the photosystem
Il reaction cycle and thus map the proton transfer pathways, providing critical insight into the full range
of chemical mechanisms involved. This foundational information will accelerate the development of bio-
inspired catalysts with impacts on areas ranging from fuel cells and solar cells to carbon capture
technologies.
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Figure 2.6. Photosystem Il and the Kok cycle. At left, the structure of the multi-subunit photosystem 11 complex.
At right, the classical Kok cycle with its five kinetic states (So to S4); a structural model of the oxygen-evolving
cluster, an unusual metal cluster formed of manganese, calcium, and oxygen, is superimposed. The oxidation of H,O
is catalyzed via a series of light-induced transitions between the five kinetic states of the Kok cycle.

2.2.5.1 New Scientific Opportunities

The STS will dramatically extend the capabilities of neutron scattering for biological studies, revealing
molecular events as they unfold over broad length and time scales. STS advances will enable the use of
neutrons in a transformative way, integrating structural and dynamical descriptions of biological systems
from the molecular to cellular levels. For instance, the dynamic assembly of many biological complexes
involves networks of competing interactions, which constantly assemble and disassemble in response to
their cellular environment. Gaining insight into these processes will provide researchers with
opportunities to improve processes of importance to energy production, such as converting biomass to
fuels and increasing drought resistance in crops, and processes key to human health, such as developing
more effective treatments for diseases and producing bio-inspired materials for targeted drug delivery
systems and biosensors.

2.3 CONCLUSION

The proposed STS will provide wholly new capabilities that will substantially extend this nation’s current
resources for neutron scattering. Specifically, the STS is designed to produce the highest peak brightness
of cold (long-wavelength) neutrons in the world, providing the US research community with transforma-
tive opportunities to study the structure, dynamics, properties, and reactions of complex materials that
have heterogeneity, interfaces, and disorder, as well as conducting temporally resolved, in situ and
operando studies of materials and associated chemical processes.

The design of the STS will enable studies of materials systems across larger length scales—from the atomic
scale to the micron scale and beyond—revealing, for example, how polymeric materials self-assemble into
hierarchical structures or molecules interact in living biological cells. These capabilities will be available to
the broad research community, including academic, industrial, and government laboratories, as part of the
DOE Office of Science User Facility program. The STS will incorporate major advances in neutron
instrumentation and technologies to make optimal use of the high—peak-brightness cold neutrons produced
by this new source. It will be a transformative new tool for addressing grand challenges in fundamental
science and for developing materials for next-generation energy technologies, national security, and other
national needs.
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Accelerator Systems

3. ACCELERATOR SYSTEMS

The accelerator systems consist of a beamline from the present Ring to Target Beam Transport (RTBT) to
the STS, the supportive equipment for the beamline in the Ring to Second Target (RTST) service
building, and the low-level radio frequency (LLRF) upgrades for the linac that will allow separate pulse
modes for the FTS and the STS.

3.1 RING TO SECOND TARGET BEAM TRANSPORT LINE

The RTST beamline is designed to operate in a “transparent” fashion with regard to the RTBT, e.g., the
beam to each target station operates completely independently of the other. The RTST was further
designed to provide low—beam-loss (<1 W/m) transport of beam from the RTBT to the STS and to meet
beam-on-target specifications for the second target.

The design of the RTST beamline follows closely that of the existing RTBT [Holmes 2006, Plum 2007,
Plum 2009, Henderson 2014, Cousineau 2011]. With the exception of a few magnets near the start of the
RTST beamline, the magnets will have the same designs as those on the RTBT. The beam pipe diameter
and beam acceptance will be the same as in the ring and RTBT. One difference between the RTBT and
the RTST beamlines is that the RTST will not contain a beam dump but will instead use the extraction
dump (EDmp) in the RTBT. This is possible because the RTST begins upstream of the EDmp. A second
difference is that the new RTST will not contain a collimation system, since the RTBT collimation system
is not used in operation.

3.1.1 RTST Physics Design

Beam to the second target will be deflected from the RTBT at 15 Hz. A pulsed kicker magnet will first
deflect the beam horizontally to the beam left. The following quadrupole magnet will further deflect the
beam to the left, and then an additional kicker will complete the initial separation of the RTBT and RTST
beamlines. The remainder of the RTST beamline is standard bends and FODO (focus-drift-defocus-drift)
lattices until just before the target, where four quadruple magnets will tailor the beam size to the target
requirements. The top level parameters for the beamline are given in Table 3.1.

Table 3.1. Top level beam and beamline parameters for the RTST.

Parameter Value
Beam power 700 kw
Beam energy 1.3 GeV
Repetition rate 15 Hz
Pulse length 700 ns
RTST length 239.3m
Max Twiss Beta H 26 m
Max Twiss Beta V 26 m
H beam full width on Target 130 mm (95)
V beam height on target 48 mm (95%)
Aperture acceptance > 480 (pi mm mrad)

A schematic of the new RTST beamline is shown in Figure 3.1. The beam will be deflected from the
RTBT to the RTST beamline using a string of horizontal kicker magnets before and after the existing
RTBT QHO08 quadrupole magnet. The kicker magnets will not be water cooled and are assumed to be
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similar to the injection kicker magnets. Four short kicker magnets, each about 82 cm long, were chosen
rather than a combination of short and long magnets for the initial deflection of the beam destined for the
second target. This arrangement allows easy fabrication of the ceramic vacuum chambers and flexibility
in tuning of the beam deflection.

The kickers will deflect the beam to beam left. This will cause a large shift in the beam position, requiring
that the quadrupole magnet RTBT:QV09 be replaced with another one with a larger aperture. This new
guadrupole must be designed with a 40 cm aperture diameter to accommodate the kicked beam (see
Figure 3.2). The next kicker magnet should provide the final deflection. This beam deflection will be
sufficient to clear the next RTBT:QH10 quadrupole from the left side. This RTBT:QH10 quadrupole
should be modified to a narrow quadrupole similar to the existing SNS ring quadrupoles in the injection
and extraction regions, as in Figure 3.3. The next RTBT and the first RTST quadrupoles also should be
the same narrow type of quadrupole to avoid RTBT and RTST beamline interference.

3.1.1.1 Extraction System Design

The kickers are designed to kick out every fourth bunch of protons from the RTBT and send it to the
RTST line. The requirements for the kicker system are given in Table 3.2, and a simplified schematic is
shown in Figure 3.4.

Pulser Design

The modulators produce full sine pulses, which reset the magnet core after each pulse. They are timed for
the peak field in the magnet, aligning with the bunch that is to be kicked into the RTST line. The width of
the pulse is set by the magnet inductance and the storage capacitor, Cs, and the values are selected so that
the magnet current is zero for the next bunch. Figure 3.5 shows the timing of the magnet current in
relation to the bunch train.

Ideally, the addition of the STS kickers should be transparent to the RTBT optics, and that requirement
limits the placement of the kicker magnets. Figure 3.6 shows the extraction region of the RTBT and the
RTST lines along with the approximate locations of four kicker magnets (K1, K2, K3, K4). The
maximum magnet length for the kickers, to allow for flanges and bellows, is approximately 0.82 m.
Longer magnets may be possible, but they would require moving existing sextupoles. Vacuum vessel
supports between QV07 and QHO08 and between QHO08 and QV09 will likely have to be redesigned.

Kicker Magnet Design

A picture frame—-type magnet (Figure 3.7) is adequate for the STS kickers. These magnets consist of a
laminated steel core, copper windings, and a ceramic beam pipe coated with titanium or another
conductive material to allow for a low-impedance image current return path.

The total bend angle for the four kicker magnets is 56 mrad; however, QHO8 subtracts from the overall
kicker, while QV09 adds to it. Therefore, the bend differs for K1 and K4. In addition, the width of the
magnets grows as the kicked bunch of protons and the straight bunch diverge in the horizontal direction.
A list of parameters for each of the kicker magnets is given in Table 3.3. The magnet current, voltage, and
inductance are calculated for a magnet with 40 turns.

Figure 3.8 shows the magnitude of the magnetic field and flux lines, as well as the y-component of the

field across the center of the aperture. Note that the field is flat to greater than 1% across the width of the
aperture.
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Figure 3.1. The new RTST shown together with the existing RTBT in a site layout drawing (top) and a
beamline drawing (bottom).
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Figure 3.2. The large quadrupole 40Q40 concept design.

Figure 3.3. The 21Q40 quadrupole with a narrow design.

Table 3.2. Requirements for extraction to the RTST line.

Parameter Value Units
Beam energy 1.3 GeV
Bend angle 56 mrad
Rise/fall time 4.167 ms
Repetition rate 15 Hz
Field flat top <10, 0.1% Full scale
Pulse-to-pulse stability <0.1% Full scale
Magnet length Must fit between existing RTBT quadrupole magnets.
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Figure 3.5. Timing of magnet current (blue) and bunches (red) in the RTBT line.
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Figure 3.6. RTST extraction region showing approximate location of kicker magnets K1-K4.
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Figure 3.7. Cross section of STS kicker magnets.

Table 3.3. Magnet parameters with 40 turn windings.

Magnet Magnetic Aperture Bend angle B field Current Inductance '\\//(I)??;ge‘:
length (m) (VxH) (cm) (mrad) (M (A) (mH) V)

K1 0.82 25%25 10 8.27e-2 411 1.65 256

K2 0.82 25%25 16.5 1.36e-1 678 1.65 422

K3 0.82 25%45 16.5 1.36e-1 678 2.97 759

K4 0.82 25%45 13 1.07e-1 534 2.97 580
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Figure 3.8. Finite element analysis results showing |B| and flux lines (left) and field flatness (right).

The design of the conductive coating involves finding a compromise between penetration of the kicking
field and induced eddy currents, and low resistive heating and beam impedance. Most of the power
dissipated in the coating is caused by the beam image current and can be calculated by the product of the
coating reistance multiplied by the square of the rms current. A simplistic analysis assuming the beam is a
square pulse train with a charge of 36 uC , 640 ns wide, at 60 Hz, results in an rms current of
approximately 4 A. The SNS current has a 40 mQ copper striped coating on a ceramic tube overlaid with
Ti-N to prevent secondary electron emissions. Using a similar coating for the STS kickers results in a
value of approximately 640 mW because of the beam image current. This analysis assumes a uniform
current density in the coating, which is a good approximation because the skin depth of copper is greater
than the thickness of the coating at the fundamental frequency. A 2D eddy current calculation was
performed to estimate the field attenuation due to the coating; the results, shown in Figure 3.9, show an
attenuation of approximately 3%.
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Figure 3.9. |B| across the center of the magnet aperture without coating (blue) and with coating (orange).
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3.1.1.2 Kicker Power Supply Location

The closest building that could be used as a location for the kicker pulsers and controls, to minimize cable
lengths, is the Ring Service Building (RSB) (Figure 3.10). Space exists in the tunnel for up to five racks
for the kicker magnets, although the pulsers and controls are likely to require only two racks. The
maximum cable length needed to reach the magnets from the RSB is approximately 122 m. Using four
parallel RG218 coaxial cables per magnet, with ODs of 2.08 cm, will result in a cable voltage drop of
approximately 36 V for K2 and K3. Figure 3.11 shows the rack profile of two pulsers, a DC power
supply, and a programmable logic controller for all four kicker magnets.

R_in;g Service
Building

Chases to
4 Tunnel

Kicker
Magnets

Figure 3.10. Layout of the Ring Service Building and SNS tunnel.
3.1.1.3 RTST Beamline

Once the beam exits the fifth kicker magnet, it will be well separated from the RTBT beamline. Standard
dipole magnets and quadrupole magnets will then transport the beam to the second target. Renderings of
the extraction region are shown in Figures 3.12 and 3.13. Custom magnet stands, as depicted in orange in
Figure 3.12, will be designed to accommodate the spacing and orientation of the magnets. The quadrupole
magnets throughout the RTST will be clones of the existing 21Q40 SNS magnets (see Figure 3.14). The
dipole magnets will be clones of the SNS ring dipoles (Figure 3.15). After the two first dipole magnets
transport the beam to the penetration point of the track entrance tunnel wall, the beam will go into the
bending section and then into the straight section along the service building. The second set of dipole
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magnets will point the beam toward the target, and then four quadrupole magnets at the end of the
beamline will tailor the beam distribution to the target requirements.

Blank

K2 Interface

K2 HV Supply

K2 Pulser

K1 Interface

K1 HV Supply

K1 Pulser

Figure 3.11. Rack profile of the K1 and K2 pulsers
with a single programmable logic controller for system controls.
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Figure 3.12. Extraction point into the RTST.

Figure 3.14. Nominal 21Q40 quadrupole doublet design.
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Figure 3.15. Dipole magnet design.

The quadrupole magnet spacing in the RTST beamline has been set to be close to the spacing in the
RTBT, since the beam is essentially the same in each beamline. In the downstream portion of the RTBT,
the quadrupole magnet spacing will be 5.8 m; in the RTST, it will vary from 5.8 to 6.3 m. The same type
of quadrupole magnet (21Q40) will be used in each beamline. The beamline lattice functions are shown in
Figures 3.16 and 3.17. Note that the dispersion in the current iteration is not fully optimized, but it will be
zero at the location of the target in the final design.
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Figure 3.16. The RTST lattice dispersion function.
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Figure 3.17. RMS beam sizes in the RTST beamline.

The beam in the RTST was simulated using the PyORBIT simulation code [Shishlo et al. 2015]. The
pyORBIT code has been successfully benchmarked with beam profiles in the existing SNS RTBT, as
shown in Figure 3.18.
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Figure 3.18. Benchmark of wire scanner profiles in the SNS RTBT with the code ORBIT (pyORBIT) for 0.35
HC of beam (left), and for 12 xC of beam (right). Source: Cousineau, S. 2011, “Status of High Intensity Effects in
the SNS Accumulator Ring,” Proceedings of NAPAC11, New York.

For the RTST simulations, the input distribution was created by simulating the turn-by-turn accumulation

of beam in the ring, including all relevant physics effects (e.g., injection, space charge, nonlinear
transport), and extracting it to the beginning point of the RTST. Simulated transport of the beam down the
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RTST indicated that there will be no beam loss and that beam size specifications on the second target are
correct. Figures 3.19 and 3.20 show the simulated distribution on the second target face.

Model
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Figure 3.19. Simulated beam transverse distribution on the face of the target.

The Personnel Protection System (PPS) gate separating the ring segment from the RTBT segment will be
extended to include the second dipole (RTST DH02) in addition to the first dipole (RTST DHO01) and two
of the quadrupole magnets (RTST QHO1 and QV02) for consistency in lock/tag/verification. The third
guadrupole magnet (RTST QHO03) will be within the RTBT lock/tag/verify segment.

Table 3.4 lists equipment included in the RTST beamline. The items of equipment are, in general, copies

of their counter-components in the existing beamline, to minimize development and maintenance issues.
One notable difference from the RTBT beamline is the absence of a collimation system.
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Figure 3.20. Corresponding to the optics in Figures 3.16 and 3.17, the density profiles of the horizontal (top)
and vertical (bottom) beam distributions on the target (black line), compared with a perfect super gaussian fit
(red line).
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Table 3.4. Components included in the new RTST beamline.

Category Type :\rl]l;g Itl):(; \c/gglts(; Comments
Magnets 21Q40 quadrupole magnet 48 Yes Total number of new quads is 48
40Q40 quadrupole magnet 1 Yes RTBT QV09 replacement
Dipole magnets in RTBT 2 Yes 17D120, 2.75° bend each
Kicker magnets Yes Similar to ring injection kickers, 1.4° each
Horizontal dipole magnets 16 Yes 17D120, 22° bend
Dipole corrector magnets 32 No Similar to existing RTBT dipole correctors
Power Power supplies (PS) for 29 Yes 30 V/1000 A, includes new power supplies
supplies individual quadrupole for RTBT QV09 - QV11
magnets
PS for 2, 3, or 4-quad strings 6 Yes 100 V/1000 A
PS for 4-quad strings 4 Yes 50 V/1500 A
PS for horizontal dipoles 2 Yes 1 PS per set of 8 dipoles 110 /6000 A
PS for RTBT dipoles 1 Yes 1 PS for dipole in RTBT 30 /6000 A
PS for kickers 4 Yes 1 PS per kicker, similar to ring injection
kickers
PS for dipole corrector 52 No Dual polarity, +20 A; last 4 quads have 6
magnets power supplies each
Diagnostics ~ Wire scanners 4 Similar to existing RTBT wire scanners
Beam position monitors 27 Existing RTBT has about 2 BPMs for every
(BPMs) 3 quadrupole magnets
Beam current monitors 1 Similar to existing RTBT BCMs
(BCMs)
Beam loss monitors 40 One for every quad
Harp 1 Downstream as far as possible
Halo monitor 1 Mounted to proton beam window?
Fast valve 1
Vacuum Vacuum gate valves in-line 7
lon pumps 22
Turbo pumps (700 Ips) 1
Cold cathode gauge 8
Convection enhanced Pirani 8
gauge
IP controller 11
Fast valve 1
Beam pipe (~216 m)
3.1.2 Beam Instrumentation

The beam instrumentation scope of work includes new beam diagnostics for the RTST and adaptation of
the user interface of the existing SNS beam diagnostics to accommodate the dual beam timing
requirements. The new beam diagnostics for the RTST are listed in Table 3.5.
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Table 3.5. Beam loss diagnostics for the RTST.

Number of pickups Number of electronics crates

Beam loss monitors 48 3
Beam position monitors 24 3
Beam current monitors 2 2
Wire scanners 9 3
View screens 1 1

3.1.2.1 Beam Loss Monitors

Beam loss monitors (BLMs) are required for beam loss control and machine protection. The BLM system
will consist of radiation detectors and data acquisition electronics. The proven standard SNS design of the
detectors and electronics will be used for the RTST [Aleksandrov 2015] (Figure 3.21). Radiation
detectors will be located at every RTST magnet.

“DANGER

HIGH VOLTAGE

¥

Figure 3.21. Photo of the type of BLM to be used in the RTST beamline.
3.1.2.2 Beam Position Monitors

Beam position monitors (BPMs) will be used for the beam trajectory and position control on the target.
The BPM system will consist of beamline pickups and data acquisition electronics. The proven standard
SNS design of the pickups and ring-style electronics will be used for the RTST [Aleksandrov 2015]
(Figure 3.22). The exact pickup locations along the RTST will be optimized based on the beam dynamics
error analysis. The last four quadrupoles of the beamline will be equipped with BPMs to provide the
required accuracy of beam position on the target. The individual BPM measurement accuracy is expected
to be on the order of £1.0 mm.
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Figure 3.22. Engineering model of the BPM to be used in the RTST beamline.
3.1.2.3 Beam Current Monitors

Beam current monitors (BCMSs) will be used for charge-to-target accounting purposes and to provide
input to the PPS. The BCM system will consist of beamline current transformers and data acquisition
electronics. The proven standard SNS design for transformers and electronics will be used for the RTST
(Figure 3.23). The plan is to deploy two BCMs to provide the redundancy required by the PPS. The BCM
accuracy is expected to be ~1%.

3.1.2.4 Wire Scanners

Wire scanners will be used to measure the transverse profile of the beam for control of the beam size in
the beamline and on the target. The wire scanner system will consist of beamline wire actuators and data
acquisition electronics. The proven standard SNS design for actuators and electronics will be used for the
RTST (Figure 3.23). The exact locations of the nine wire scanners to be placed along the RTST will be
optimized based on the beam dynamics error analysis.

3.1.25 View Screen

A luminescent view screen mounted on a pneumatic actuator will be located between the last quadrupole
magnet and the proton beam window. A video camera with a telescopic lens will be located behind the
last dipole magnet of the RTST. The view screen will be used with a low-power beam for precise
calibration of the final focus of the BPMs. The need for the calibration system is dictated by tight
requirements for the beam position control on the target. The viewscreen will be retracted from the beam
during normal operation.
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Figure 3.23. Engineering model of the BCM and wire scanner to be used in the RTST.
3.1.3 Power Supplies in the Ring Service Building for the Magnets in the RTBT Tunnel

Five 2000 A peak pulsed kickers (RTST Kick01-05), two 1000 A/30 V quadrupoles (RTST QHOL1,
QV02), and one 6000 A/30 V dipole (RTST DH01-02) water-cooled power supply will be installed in
row 20 on the main floor on the east side of the RSB. A new 1000 A/30 V power supply for RTBT QV09
will also be installed in row 20. This magnet is currently fed in series with the odd-numbered (vertical)
quadrupole magnets QV05t11 and will be removed from the string to allow independent control. The
output cables will be routed through the chases on the east wall, where they will run along the inside of
the ring beamline to a point where they can pass between the two crane rails above the extraction septum.
A new switch bucket will be installed in RN-SS1 to feed an 800 A electrical panel that will supply 3¢
480 VAC power for the power supplies in the RSB.

The third RTST quadrupole (RTST QHO03) in the RTBT tunnel will be supplied from a power supply
located in the RTBT service building. The output cables will pass through an existing conduit in the east
wall chase to the RTBT tunnel (Figure 3.24).

The pulsed kicker systems to kick beam from RTBT to RTST will be custom-designed pulsed magnets
and power supplies. A resonant circuit design is proposed that produces a sinusoidal pulse of a single
period of less than 16 ms, consistent with the 60 Hz operation of the accelerator. The kicker magnet
current will be zero when the FTS beam pulse is passing through and will be at the peak of the sinusoidal
pulse during the STS pulse. The sinusoidal pulse will have a period large enough that the peak will be
quasi-flat during the beam pulse, plus time allowed for timing errors. Development of this pulser will be
performed during the preliminary design phase of the STS project.
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Figure 3.24. RTBT tunnel showing where the STS beam will penetrate the truck entrance wall.
3.1.4 Power Supplies in the RTST Service Building

The RTST service building will house 53 power supplies for the dipole, quadrupole, and corrector
magnets in the RTST tunnel. Multiple quadrupoles will be supplied by a single power supply (two strings
each of two quads, two strings each of three quads, and two strings each of four quads for a total of six
power supplies), and the remaining magnets will have a single magnet per power supply. The eight left-
bend dipole magnets and eight right-bend dipole magnets will have one power supply per bend, with each
bend power supply supplying eight magnets in series. There will be 28 corrector power supplies, one for
each magnet.

The water-cooled quadrupole power supply types will be 1000 A/30 V (quantity 23), 1000 A/75 V
(quantity 4), 1000 A/125 V (quantity 2), and 1500 A/50 V (quantity 4). The two dipole magnet power
supplies will be water cooled and rated at 6000 A/110 V, similar to the ¥ DH-main in the RSB. The
corrector power supplies will be bipolar +20 A/35 V, similar to the correctors used throughout the
accelerator.

3.1.5 RTST Vacuum Systems

The RTST vacuum system will extend ~241 m from the existing RTBT to the STS. Five sector gate
valves will be located strategically along this line for convenience during initial construction and to allow
for isolation between segments for maintenance during operation. Twenty-two 300 I/s noble diode ion
pumps will be used to achieve ultra-high vacuum, <1E® Torr. To achieve these pressures, stainless steel
304 beam pipes and all-metal seals (ConFlat flanges) will be specified and leak-checked at a rate of <1E™
torr-liter/second. Each beam pipe will be baked at 200°C before installation to reduce hydrocarbon
contamination from manufacturing and handling. Various ports along the length of the line will exist for
rough vacuum connections and gauging. Finally, a turbo pump system and a fast valve will be located
near the STS to mitigate any back-streaming or catastrophic release of gases from the target into the
RTST. Figure 3.25 shows the vacuum configuration and status screen for the existing RTBT. The RTST
configuration will be based on this design, but without the EDmp.
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Figure 3.25. Vacuum status configuration for the existing RTBT.
3.1.6 RTST Alignment

The Survey, Alignment, and Metrology (SAM) team will have approximately 280 survey monuments
installed in the floor and walls of the RTST tunnel. SAM will then measure the positions of these
monuments relative to the rest of the SNS global survey network, with the same precision as the RTBT
tunnel survey (i.e., capable of supporting 100-micron rms magnet offset tolerance, and 1-mrad rms
magnet yaw, pitch, and roll tolerance). RTST components requiring high-precision alignment will be
fiducialized by SAM or by the component manufacturer. Then, using the monuments and fiducial data,
SAM will align the components in the tunnel to the position, orientation, and precision designated by the
physics lattice and parameters list. In the following months and years, SAM will perform periodic
deformation monitoring in the RTST tunnel to check the component alignment and monument
coordinates, and realign if necessary.

3.1.7 RTST Utilities
3.1.7.1 RTST Tunnel Magnet Cooling System (RTST-01)

A new magnet cooling system will be installed in the RTST service building (Building 8560—provided
by conventional facilities) with supply and return headers extended into the new RTST tunnel to cool the
new magnets in the tunnel. The cooling system will consist of the standard duplex pump arrangement
with a single heat exchanger and all ancillary equipment and instrumentation for reliable operation. Once
the magnets are installed, the final connections to each magnet assembly will be made and the system will
be balanced for optimum operation. Local flow indication is required to facilitate system balancing.
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3.1.7.2 RTST Service Building Magnet Power Supply Cooling System (RTST-02)

A new magnet power supply cooling system will be installed in the RTST service building (8560—
provided by conventional facilities) with supply and return headers extended into the power supply room
to cool the new magnet power supplies. The cooling system will consist of the standard duplex pump
arrangement with a single heat exchanger and all ancillary equipment and instrumentation for reliable
operation. Once the magnet power supplies are installed, the final connections to each power supply
assembly will be made and the system will be balanced for optimum operation.

3.1.7.3 RTBT Tunnel Magnet Addition

Several quadrupole magnets and extraction kicker magnets will be added to the existing RTBT tunnel
lattice to provide beam to the RTST and the STS. The cooling requirements of these magnets will be
satisfied by the new RTST-01 magnet cooling system. The supply and return headers will be extended
from the RTST tunnel into the RTBT tunnel and to the new transition magnets. Once the magnets are
installed, the final connections to each magnet assembly will be made and the system will be balanced for
optimum operation.

3.1.7.4 RTBT Tunnel Magnet Power Supply Addition

The power supplies for the new quadrupole magnets and extraction kicker magnets will be located in the
RSB (Building 8540).

The existing power supplies in the RSB are cooled by pump skid ring #3 (PS-RN-03). The Proton Power
Upgrade (PPU) Project necessitates an upgrade to PS-RN-03. The increased demand from the additional
extraction power supplies has been incorporated into the PS-RN-03 upgrade performance criteria.

3.1.7.5 RTBT Power Supply Cooling System

Only one new power supply will be installed at the RTBT service building (8550). This small cooling
demand can be accommodated by the existing RTBT power supply cooling system.

3.2 LOW-LEVEL RADIO FREQUENCY SYSTEMS FOR THE STS

The STS will replace 96 units in the existing 96 cavities to be capable of alternating the LLRF control
between two flavors on a pulse-to-pulse basis. The 28 new units to be installed during the PPU Project are
being designed with this capability, eliminating the requirement to replace them during the STS Project.
The STS Project will use the same design as the PPU Project.

The LLRF systems provide a low-power RF drive to the linac RF systems and, most important, control of
the phase and amplitude of each cavity. The initial baseline stability requirements for this control are
+1.0° in phase and £1.0% in amplitude. The existing LLRF control systems more than meet this
specification, with £0.5° in phase and + 0.5% in amplitude routinely observed. A block diagram for the
LLRF system is shown in Figure 3.26.

3-21



Accelerator Systems

Tunnel

Kiystron Gallery

Local Oscilaor

352.5 MHZ - NC Linac

TS5 MHz - SC Linac
RF Reference Line

I

|

|

I 402.5 MHz - NC Linac
| j 805 MHz - SC Uinsc

.

|

|

|

|

Higher Order
Mode Couplers
SC Oniy)

T
High-poravs

vy

Electron Probe

Figure 3.26. Block diagram of the SNS linac low-level control system.

The current LLRF system is a digital-control system that fundamentally realizes a proportional-integral
feedback controller along with adaptive feed-forward (AFF) to support cavity filling and beam loading
compensation. The heart of the system is the field control module (FCM), which digitizes four analog
input channels (cavity field, reference, forward, and reflected signals), digitally processes the data stream,
and produces an output signal at either 402.5 or 805 MHz, depending on the location in the linac. The
FCM is a VXI bus module consisting of a motherboard and three daughter boards: the analog front end,
digital front end, and RF output. The analog front end takes the analog signals and converts them to a
differential pair for input to the ac-dc converters. The digital front end consists primarily of four high-
speed, 14-bit A/D converters and a single field-programmable gate array responsible for the real-time
processing. The RF output is responsible for receiving the 1/Q (in-phase/quadrature) signals and
generating the required RF drive. Communication with the outside world is via the input-output controller
running the VxWorks operating system. The LLRF finite state machine is implemented as an
Experimental Physics and Industrial Control System sequencer running on the input-output controller for
capabilities such as ramping up RF power. The LLRF control system also provides high-power protection
via the high-power protection module (HPM), which provides for fast shutdown of the drive in case of RF
overpower; cavity quenches; arcs in the distribution system; poor vacuum; or *“soft” interlocks such as
cryo, coupler cooling, and high-power RF permit. Down-conversion of the reference and cavity signals is
performed in a temperature-regulated chassis. The master oscillator provides low-noise, phase-coherent
reference signals that are distributed throughout the Klystron Gallery and tunnel.

The LLRF control systems are currently installed with two control systems per rack, consisting of two
FCM/HPM pairs with a shared timing card, utility card, and input-output controller.

The accelerator will operate with a pulse repetition rate of 60 Hz, with every fourth pulse delivered to the
second target and the remaining pulse going to the first target. Each of the two targets requires different
beam energy and chopping styles, requiring an additional beam loading AFF buffer in the LLRF systems.
The additional AFF buffer will be designed, developed, and tested within the PPU scope of work, during
which 28 additional superconducting linac LLRF systems will be installed.
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4. TARGET SYSTEMS

41 INTRODUCTION

411 Target Systems Summary

The STS Target Systems are designed to produce high-brightness cold neutron beams, which will be
accomplished by employing three coupled processes. First, the incoming proton beam at the STS target
will be compressed by more than 50% relative to the FTS to a cross-section of 65 cm?. Second, a solid
rotating tungsten target will be employed that can support the higher proton flux. Finally, novel compact
moderator designs will be optimally coupled to the resulting beam of neutrons. This source design,
coupled with a short proton pulse that produces neutrons in a short period of time, will result in world-

leading neutron peak brightness.

The proton pulses transported to the STS
from the accumulator ring will impact the
outer edge of the rotating tungsten target to
spall neutrons that will be directed to an
eventual total of 22 instruments (preliminary
concepts described in Section 5). The target
will be approximately 1.1 m in diameter and
6 cm thick. Figure 4.1 shows the target and
moderator design. The target will consist of
21 separate stainless-steel segments, each
housing a solid tungsten block that is
encased in a layer of tantalum to protect the
tungsten from any potential contact with
cooling water. The stainless-steel segments
will be welded to a central hub at the end of
a 4 m long shaft extending above the core
vessel. This shaft will connect to a drive
system rotating the target. The target will be
rotated to spread out the power load on the
target and thus simplify the cooling
requirements. The target will be cooled by

Upper cylinder
" moderator Tungsten target

assembly

Lower tube
moderator

Figure 4.1. Rotating tungsten target and moderator
configuration. The outer diameter of the target wheel is 1.1 m.
The red beam illustrates the incident proton beam coming from

the accelerator and the blue beams represent the outgoing
neutron beams emitted from the two moderators. Neutron beam
sizes are shown as 3 by 3 cm?.

water conveyed through the shaft and directed through the stainless steel housings around the tantalum-
clad tungsten blocks. This design allows the incident proton energy to be spread across 21 target blocks,
resulting in each block receiving the equivalent of 33 kW (700 kW =+ 21 segments) of proton beam power
at a repetition rate of 1 pulse every 1.4 s. If the target were stationary, the tungsten would have to be
further segmented to allow greater water cooling. This additional segmentation of the target blocks would
reduce the average density of the target material in the neutron production zone and consequently
decrease neutron production in the vicinity of the moderators. Thus, the rotating target design enables a

brighter neutron source.

The spalled neutrons will then be moderated (reduced in energy) by a pair of compact moderators (30 mm
tall), located above and below the target to optimize the production of high-brightness cold neutrons.
Each moderator will contain hydrogen molecules that collide with neutrons and reduce their energy. They
will be surrounded by 20 mm of light water that will act as a pre-moderator. The moderators will be
operated at a temperature of 20 K and with high-purity para-hydrogen. These moderators will be four
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times shorter than the 120 mm tall cold moderators at the FTS, resulting in much brighter beams of
neutrons.

The top STS moderator will be a vertical
cylinder (3 cm in height and 8.2 cmin 4x10" I [ I '
diameter) that emits neutrons that will then sTS

enter guides to deliver neutrons to 16
instruments (for clarity, only 8 of the 16
emitted neutron beams/instrument paths are
shown in Figure 4.1). This top moderator
will have a narrower neutron pulse width for
better neutron wavelength resolution. The
bottom moderator will consist of three
horizontal tubes (14-16 cm in length and
three cm in diameter) that are connected to

Brightness (n/cm?/sr/A/s)

form a triangle; the neutrons will enter along . /‘F,r&_,_; .
the length of each tube and be restricted to ° B0 A0 %0 80 100

Emission time (usec)

focus the emitted neutron beam to serve six
instruments. The bottom moderator will have Figure 4.2. Pulse shapes emitted from FTS and STS cold,

the same peak brightness as the top coupled moderators at a wavelength of 5 A. Calculations are
moderator but produce somewhat broader for STS operating at 15 Hz with 700 kW and FTS operating at
neutron pulses with a correspondingly higher 45 proton pulses per second and 2 MW.

time-integrated brightness.

Figure 4.2 shows the expected neutron brightness emitted from the STS coupled moderator design
compared with its counterpart on FTS. The brightness of a beam of neutrons is defined as the number of
neutrons of a certain wavelength (i.e., per Angstrom) that pass through an area of 1 cm?in 1 s and that are
traveling in a direction within a solid angle of 1 steradian (i.e., n/s-cm?Aster). Brightness differs from
flux, which does not depend on the solid angle (divergence) of neutrons within the beam. For many
experiments, brightness is a more important beam property than flux. However, higher brightness directly
translates into higher neutron flux on the sample, which is the foundation for delivering the multiple
orders of magnitude gains in instrument performance required to address the science challenges
envisioned for STS.

In Figure 4.2, the height of the pulse shapes is the peak brightness, and the integral under the curve
multiplied by the number of proton pulses per second (15 and 45 for STS and FTS, respectively) is the
time-averaged brightness. Instrument performance scales with peak brightness if the width of the pulse is
broad enough to deliver the wavelength resolution desired, which is true for most of the instruments
envisioned for STS. That means that the higher the peak brightness, the better the performance of
instruments at the STS. STS will provide beams of cold neutrons with the world’s highest peak
brightness.

4.1.2 Design Requirements

The primary design requirement of the target systems is the ability to convert the proton beam into cold
neutrons directed toward 22 instrument guide ports. The following are the high-level design requirements:

Accept 700 kW, 1.3 GeV, 15 Hz, proton beam.

Convert to short high-intensity pulses of moderated neutrons.
Distribute neutrons to 22 beamlines.

Optimize performance for neutron scattering science.
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Allow for 5,000 h of operation per year and a lifetime of 40 years.

Include a safe replacement scheme for all perishable components.

Include a disposal path for all perishable components.

Allow for 50 years of operation for remote handling equipment to accommodate decommissioning.
Allow safe operation. Specifically, the design shall develop in conjunction with the facility safety
analysis process to minimize and mitigate safety risk.

More detailed design requirements are listed in the following sections.
4.1.3 Target Building Configuration

The target and instrument complex at STS will be configured similarly to the FTS. To better clarify the
functional uses of the spaces, the STS target and instrument areas are divided into four separate buildings,
as shown in Figure 4.3. The Target Building is the central portion. The buildings directly north and south
of the Target Building are the 50M Instrument Building and the 40M Instrument Building. The lengths
indicate the approximate length of the longest instrument that could be located at the instrument port
perpendicular to the proton beam. The 90M Instrument Building completes the target and instrument
complex and houses the longest anticipated instruments. Section 8 includes more details and descriptions
of the configuration and motivation for the three instrument buildings.

The central Target Building will house the target technical components and the necessary support
systems. It will include three levels—basement, first floor, and high bay. Conventional Facilities,
Section 8, describes the detailed layout of the building. This section highlights the technical components
and areas most relevant to the target systems conceptual design.

1. The basement will include the technical utilities, maintenance areas, and other support areas.

2. The first floor will include the last section of the ring-to-STS, the target monolith, technical utilities,
the service cell, and other support areas.

3. The high bay, or second floor, will house technical utility vaults.

Figure 4.4 shows an overhead view of the high bay with the building roof removed. To the west are the
technical component utility (water cooling systems) cavities. In the center of the circular structure is the
monolith, which will house the core of the Target Systems components. Surrounding the monolith are the
instrument bunkers. The bunkers are described in detail in Section 5.3, Instrument Systems. The service
cell is just east of the monolith. The Mock-up Test Stand (MUTS) sits adjacent to the truck bay on the
east end of the building. MUTS will allow operations to conduct dry runs of critical remote handling
maintenance activities. The MUTS is further described in Section 4.9.4.

Figure 4.5 shows a vertical cross section of the Target Building along the proton beam. To the west and
above the ring-to-STS tunnel are the hydrogen utility room and helium compressor room, which house
the majority of components for the cryogenic moderator system (CMS). Positioning the hydrogen utility
room outside the main Target Building is inherently safe. This room includes specifically designed
venting systems and blowout panels. Thus, failure of components in this area will not affect the general
space within the Target Building. The proton beam can be seen leading to the monolith itself.
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Figure 4.4. Overhead view of Target Building.
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Figure 4.5. Vertical cross section showing Target Building layout.
4.1.4 Monolith Configuration

The target monolith (Figure 4.6) encloses the high-radiation area of the STS target facility. An 8.7 m
diameter cylinder of iron shielding surrounded by a ~1.15 m thick, high-density concrete (HDC) wall will
protect personnel and equipment. A core vessel in the center of the monolith will provide an inert
atmosphere and enclose the functional target system components. The proton beam window (PBW) will
separate the high-vacuum environment of the accelerator from the either low-vacuum or helium-
backfilled atmosphere within the core vessel. The shielded target drive room above the monolith will
provide access to the target drive and enable vertical handling of spent activated component assemblies.
The 4.2 m height of the shielding between the target and the target bunker is based on the operating
experience at FTS, where virtually no activation of components above the 4.2 m level has occurred after
14 years of operation. Eleven neutron beam lines will project through both sides of the monolith toward
the instruments.
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Figure 4.6. Monolith configuration.

4.1.5 Neutron Production Components

The STS will be optimized to produce high-brightness (relative to FTS and other spallation sources)
pulsed beams of neutrons. The charge per pulse for STS will be the same as for FTS. Therefore, the
increase in brightness (neutrons per unit of area per unit of time) will be achieved by reducing the sizes of
the proton beam profile, the target material, and the moderators.

1. The STS nominal beam profile will be 48 mm tall by 130 mm wide, compared with 70 mm tall by
200 mm wide on FTS.

2. The STS target material will be 60 mm tall, compared with 98 mm at FTS. In addition, the shroud
structure on FTS will be more compact, allowing the moderators to be closer to the target center.

3. The STS moderators will have a characteristic height of 30 mm, compared with 120 mm at FTS.

With these three items reduced in size, the neutron generation and resulting neutron beams will be more
compact, resulting in higher brightness. In addition, STS will employ tungsten as the primary target
material, which has a density of 19.3 g/cm® compared with the 13.6 g/cm® density of the FTS target
mercury. Figure 4.7 shows the STS neutron production components on their own and provides a size
comparison between FTS and STS.

4 FTIS
moderators

STS proton
beam

footprint inside

FTS footprint

moderators STS Target Disk

| FTS Target Module |

Figure 4.7. Overlay of STS target and moderator layout onto FTS target and moderator layout.
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4.1.5.1 Target Assembly

The target itself will actually consist of 21 identical target segments arranged as a disk. The disk will rotate
so that each subsequent proton beam pulse impacts the center of the next target segment. A target drive
system will be located approximately 4 m above the
target disk and will be connected to the target disk
with a target drive shaft. The target drive shaft will
also convey cooling water to and from the target disk. [Target Drive System
The complete target assembly is shown in Figure 4.8.

Employing a rotating target provides benefits not
provided by a fixed-position target. The beam energy
is distributed over a larger volume of target material.
This reduces the volume fraction of water cooling
necessary in the neutron production zone, therefore
increasing the neutron yield. In addition, the
activation and residual heat is spread over the larger
volume, reducing the maximum possible temperature

during a loss-of-cooling accident and thus making the k:
rotating target inherently safe, compared with a fixed Target disk consisting
target. Finally, since the target lifetime based on i

radiation damage to the stainless steel shroud
structure, the nominal lifetime of a rotating target is Figure 4.8. Target assembly.
increased from the order of 1 year to the order of 20

years. The choice of target configuration and material is discussed in detail in Section 4.3.2

4.1.5.2 Moderator Reflector Assembly

Because of the compact and coupled nature of the STS design, the moderators and reflector will be
combined into a single assembly, as shown in Figure 4.9. The top moderator will be a 30 mm tall by 87
mm diameter cylinder. The bottom moderator will consist of three 30 mm diameter by ~150 mm deep
tubes arranged in a triangle configuration. With the lower integrated power level of 700 KW on STS, the
beryllium reflector can be edge cooled, further increasing the efficiency of neutron production.

Alignment and
Handling Components

Upper, Actively
Cooled Shielding

Edge Cooling
Reflector Frame

Beryllium Reflector

Proton Beam Port ———— %

Structural Frame ——#%

Figure 4.9. Moderator reflector assembly with target shown.
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4.1.6 Physics Overview
4.1.6.1 Introduction

Production of neutrons in a spallation source starts with accelerating protons to high energy and directing
the proton beam onto a target material, which is typically a high-Z material such as lead, mercury, or
tungsten. Nuclear interactions of protons with target nuclei release dozens of neutrons with energies up to
the energy of the impinging protons. The neutrons interact with a moderator material—typically a
hydrogen or hydrogen-rich material at room or cryogenic temperature—and a reflector material, lose
energy, and slow down. Thermal and cold neutrons with energies below ~0.1 eV and wavelengths of ~1A
and longer are directed toward instruments that provide a variety of capabilities to researchers across a
broad range of disciplines, including physics, chemistry, biology, and materials science.

The existing neutron sources at ORNL, the High Flux Isotope Reactor (HFIR), and SNS, deliver
outstanding performance for neutron science. HFIR produces neutron beams with high time-averaged
cold neutron brightness, is comparable to the world’s best reactor-based neutron sources, and is within a
factor of 3 of the predicted performance of the European Spallation Source (ESS) currently under
construction in Lund, Sweden. FTS excels in high neutron wavelength resolution provided by poisoned,
decoupled moderators that produce very sharp in-time neutron pulses. The design objective for STS is to
deliver cold neutrons with the highest peak brightness of any current or proposed neutron sources, and to
use a low pulse repetition rate to provide wide dynamic range.

4.1.6.2 Scope of the Neutronics Analyses

“Neutronics analyses” for a spallation neutron source is a catch-all term that includes simulations of the
physics of the proton beam interactions with target material and other structures, generation of secondary
particles (e.g., neutrons, protons, photons) and simulations of their interactions with materials and
structures. Neutronics analyses evaluate the impacts of design choices on STS performance: proton beam
size and profile, target, moderators, and reflector material choices and configurations. Neutronics analyses
also provide detailed information needed for engineering design, such as heating rates in and around the
target during operation; radiation levels and shielding requirements; radiation damage in components and
component lifetime estimates; and activation levels, decay heat, and radiation levels for planning the post-
operation handling, maintenance, and disposal of components. A particularly important task of neutronics
analyses is to evaluate moderators’ parameters and optimize moderators for the performance required by
science, such as peak and time-integrated moderator brightness and pulse shapes. In short, neutronics
analyses provide input to, support, or guide most of the other STS design tasks.

4.1.6.3 Neutronics Analyses Tools

Traditional tools such as MCNPX and CINDER-90 which were used extensively for the FTS analysis are
also being used for the STS design. Simulations of radiation transport were performed mostly with
MCNPX versions 2.6 and 2.7 [Pelowitz 2008, Pelowitz 2011], with enhancements added by the SNS
neutronics team, such as neutron mirrors [Gallmeier et al. 2009 ] and residual nuclides tally [Gallmeier et
al. 2010b]. The activation calculations were performed mostly with the CINDER-90 code [Wilson et al.
2008]. CINDER 2008 [Popoval 2018] is the latest release in the CINDER data and code development
effort and is a modern implementation of the CINDER-90 software package for activation calculations.

The “Gamma Source Perl Script” [Wohlmuther and Gallmeier 2008] was extensively used for post-

processing of activation results and preparation of decay gamma-ray sources for MCNPX calculation of
residual radiation fields.
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More recent additions to the neutronics analyses tools include MCNP 6.1, DAGMC (Direct Accelerated
Geometry Monte Carlo) [Tautges et al. 2009], SpaceClaim, Cubit, CINDER2008, and ADVANTG. The
radiation transport code MCNP 6.1 [Pelowitz 2013], is a result of the merger of the MCNP5 and MCNPX
codes. ADVANTG [Mosher et al. 2015] generates problem-specific space- and energy-dependent mesh-
based weight-windows that provide efficient variance reduction in the radiation transport calculations
with MCNPX.

The DAGMC toolkit, which requires the use of SpaceClaim and Cubit, is a toolkit implemented in
MCNP 6.1. It is developed at the University of Wisconsin—-Madison by a group headed by Paul Wilson. A
workflow of the analysis with DAGMC is illustrated in Figure 4.10. DAGMC allows *“automatic”
conversion of engineering CAD models into MCNP models for neutronics analyses, which are performed
with MCNP6.1 The process starts with the engineering CAD model generated in CREO, which is the
CAD software used for STS design. This model is processed through SpaceClaim [ANSYS n.d.] and
Cubit [SNL n.d.] to produce the MCNP model. In principle, the conversion could be automatic, with little
human intervention. However, our experience is that complex target models always require iterations to
produce functional MCNP models. The conversion produces “high fidelity” MCNP models, which
closely match the engineering models, as illustrated in Figure 4.11.

/—\ v Flux maps
.| Dose rates

b

CREO | mmm=) | SpaceClaim - mmm) | DAGMC-MCNPG |

v

Heating

Dpa rates

Figure 4.10. Workflow of DAGMC neutronics analysis.
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Figure 4.11. Section through the STS model in CREO (on the right side) and the model for neutronics
analysis obtained with the DAGMC toolkit.
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4.1.6.4 STS Target and Moderator Physics Concepts

Conceptual planning and investigation of the possible configurations for the STS started in 2002
[Carpenter and Mason 2002] and continued, albeit with interruptions and varying levels of intensity, to
the present time [Herwig and Rennich 2017]. The pros and cons of operating the STS with short (~ 1 us)
and long (~ 1 ms) proton pulses were considered [Carpenter and Mason 2002, ORNL 2007, Gallmeier
2010a]. Different target materials and configurations were also investigated: a liquid mercury target,
which would benefit from experience with the SNS FTS [Riemer et al. 2013]; a stationary target with
tungsten plates [Galambos 2015] [Remec et al. 2015], similar to the FTS at ISIS [Broom 1995] and also
planned for the Chinese Spallation Neutron Source [Wei et al. 2009]; and a water-cooled rotating tungsten
target [McManamy et al. 2010, [Remec et al. 2018].

To fulfill the requirement to produce cold neutron beams with the highest peak brightness of any current
or proposed neutron sources, and with the benefit of accumulated SNS experience and previous studies,
the following design choices for the STS were made. Tungsten was selected as the target material.
Tungsten has higher density than mercury and enables the creation of a more compact neutron production
volume. For the same reason, a proton beam footprint as small as possible is required. However, a small
beam footprint results in high energy deposition density during the short proton beam pulse and induces
high stresses. To keep the stresses at acceptable levels it was necessary to increase the beam footprint
from the originally targeted 30 cm? to ~ 60 cm?. The target will be cooled with water flow on the top and
bottom of the tantalum-clad tungsten plate; there are no cooling channels inside the target plate, so the
high density will be maintained.

Moderators will be placed as close as possible to the high-intensity neutron production zone to obtain
tight coupling and high neutron flux in the moderators. A relatively high proton beam power of 700 kW
and high energy deposition in the moderator material constrain the selection of the moderator material to
liquid hydrogen. Several studies were performed on hydrogen moderators at spallation sources [Russell et
al. 2003, Kiyanagi 2006, Harada et al. 2007, Ooi et al. 2003, Kai et al. 2006, Lu et al. 2011, Gallmeier et
al. 2016, Remec et al. 2015] that led us to adopt para-hydrogen as the cryogenic moderator material, with
water as pre-moderator and a beryllium reflector. The studies also showed that moderators with smaller
viewed areas produce significantly higher peak brightness. In addition, neutron scattering experiments
show a trend to use increasingly smaller samples, which require a smaller beam footprints and allow
smaller moderator viewed areas. A recent study by Gallmeier [2018] showed that a moderator with para-
hydrogen in tubes arranged in a triangle and viewed at the corners in the direction along the tubes—a
configuration nicknamed “tube moderator”—provides peak brightness equivalent to that of a cylindrical
moderator. At the same time, it generates longer pulses and hence higher time-integrated brightness,
which can benefit certain instruments. The current configuration of the STS moderators consists of one
cylindrical moderator with four 30 by 30 mm? viewed areas, which will serve 16 beamlines; and 1 tube
moderator with a para-hydrogen tube diameter of 30 mm, which will serve 6 beamlines. The present
configuration of STS moderators, which is at the conceptual design level, will provide peak brightness
about 25 times higher and time-integrated brightness 4 to 5 times higher than the brightness of the FTS
coupled hydrogen moderator; those values are for the FTS as it operates currently—at 1.4 MW, 60 Hz,
and proton energy of 1 GeV. The STS moderator brightness increase will be achieved via a more compact
proton beam footprint and smaller moderators and viewed areas; however, it also will be due in part to the
different FTS design requirements, which gave preference to decoupled moderators and an ortho-para-
hydrogen mixture, rather than pure para-hydrogen.

Table 4.1 provides a short list of key FTS and STS parameters. Both targets are driven by short proton
pulses, less than 1 ps long, with proton kinetic energy of 1.3 GeV. The energy delivered per pulse is also
quite similar: 44.4 kJ per pulse for FTS and 46.7 kJ per pulse for STS. The repetition rate will be 45
pulses per second for the FTS and only 15 pulses per second for the STS. Consequently, the total proton

4-10



Target Systems

beam power delivered to the target will be 2 MW for FTS and 700 kW for STS. The FTS neutron
producing material is liquid mercury, while for the STS it is tungsten. The proton beam footprint is
~140 cm? for the FTS and ~60 cm?.

Additional selected STS target parameters are listed in Table 4.2; more details are provided in
Section 4.3, Target Assemblies.

Table 4.1. Comparison of key parameters for the FTS and STS

FTS (upgraded) STS

Short (<1 ps) proton pulses

1.3 GeV protons

15 pulses/second

700 kW beam power

46.7 kJ per proton pulse

Smaller beam footprint: ~60 cm? (90% of the beam)

Tungsten target (steel shroud, water cooled, rotating,
segmented, synchronous)

Short (<1 ps) proton pulses

1.3 GeV protons

45 pulses/second

2 MW beam power

44.4 kJ per proton pulse

Large beam footprint: ~140 cm2

Mercury target (stationary steel shroud, water cooled)

Table 4.2. Selected STS target parameters

Target type Rotating, synchronous
Rotational speed lturninlds
Number of segments 21
Target material Tungsten
Tungsten width 163.7 mm
Tungsten height 58 mm
Tungsten length 250 mm
Clad material Tantalum
Clad thickness 1 mm
Disk diameter 1156 mm
Shroud material 316L SS
Cooling H20

4.1.6.5 STS Target, Moderators, and Reflector Neutronics Models

The STS models used for the conceptual design neutronics studies are illustrated in Figures 4.12 to 4.15

Neutronics simulations were performed with STS “physics” models, which capture the STS design
features important for the performance but do not try to model all details of the engineering design.

Figure 4.12 shows a horizontal section through the STS target disk midplane. Scales on the edges show
dimensions in centimeters. Figure 4.13 depicts a vertical section through the STS model along the proton
beam direction. Figure 4.14 shows a model of the target disk, shaft, cylindrical moderator and tube
moderator with beryllium reflector, and neutron beam extraction channels. Figure 4.15 shows a model of
the STS target with the moderators, beryllium reflector, and surrounding steel shielding. The inner part of
the steel shielding, closer to the moderators, is cooled with heavy water, whereas the outer part of the
steel shield is cooled with H2O. In the model, the steel and coolant are homogenized.
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Material specifications used neutron cross sections from ENDF/B-VI [McLane 1996] and ENDF/B-VII
[Chadwick 2006]. Neutron scattering kernels for ambient temperature water, liquid para-hydrogen at 20 K
temperature, and beryllium were taken from ENDF/B-VII.

Point detectors at 10 m from the moderators’ viewed areas were implemented in the models to tally time-
and energy-dependent neutron fluxes. Collimators were applied to ensure that only neutrons passing
through viewed areas of the moderators contributed to the point detector tallies. Point detector neutron
fluxes were used to determine moderator characteristics such as peak and time-integrated brightness and
pulse shapes.

E)80 -40 -20 0 20 40 60

Figure 4.12. Horizontal section through the target disk midplane. Colors indicate materials: tungsten is light
green, water is green, steel is blue, steel shielding is orange.
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Figure 4.13. Vertical section through the STS model along the proton beam direction. Colors indicate
materials: tungsten is light green, water is green, steel is blue, steel shielding is orange.
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Filled Boundary
War: materials
—1M2: 55316
_ —2M4:D20
ME: Para Hydrogen
—4M7: AL6061
. —5M9:H20 300K Coupled para-H, Target shaft

M11: Be $-200-F “cylindrical” mod.
—7 M12: Tungsten

-2 \V14: Tantalum

Target disc

Coupled para-H,
Be reflector, D,O cooled tube” mod.

Figure 4.14. Shows model of the target disk, shaft, cylindrical moderator, and tube moderator with beryllium

reflector and neutron beam extraction channels. A cutout through the target along the proton beam direction and

another cutout at the center of the moderators perpendicular to the proton beam shows the structure inside. The steel
shielding that surrounds the target is not shown.

Figure 4.15. Model of the STS target with the moderators, beryllium reflector, and surrounding steel
shielding.
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4.1.6.6 Effect of Coolant: Heavy Water versus Water

The STS assemblies—target disk, target shaft, moderators, beryllium reflector, steel reflector, and
PBW—receive intense heating from the 700 kW proton beam and secondary radiation emitted from the
target material and thus require cooling. Using heavy water (D,O) with lower neutron absorption is
typically preferred to improve neutronics performance; however, using ordinary water (H2O) significantly
reduces the cost of operation. Therefore, it is necessary to evaluate the benefit obtained by using D,O to
cool a specific assembly.

Starting from a baseline configuration, shown in Figure 4.16, the coolant was changed to evaluate the
impact. In the baseline configuration, all assemblies are D,O cooled except the PBW (which is cooled by
a homogeneous mixture of 76% Al, 24% by vol. H,0) and the outer part of the stainless steel reflector (
which is cooled by a homogeneous mixture of 95% SS-316 and 5% H,O) , The configuration analyzed
and the observed changes are summarized in Table 4.3.

There is no difference in the moderator performance if the PBW is cooled with H,O or D;O. Changing the
target coolant from D,O to H,O reduced both the peak and time integrated brightness of both moderators
by ~ 2%. When both the target and inner steel reflector are cooled with H,0, the peak and time integrated
brightness of both moderators decrease by ~ 5%. The largest effect is observed when the coolant of the
inner steel reflector is changed to H2O, coolant on the edge of Be is also changed to H,O, the beryllium
reflector is beryllium only (with no coolant homogenized in it), and the extraction channels of the
cylindrical moderator are also H>O cooled. In this case the peak brightness decreases by 5%-8% for the
tube moderator and 5%-13% for the cylindrical moderator. The time-integrated brightness of the tube
moderator decreases by 5%-8%, while the time-integrated brightness of the cylindrical moderator
increases by 2% for the neutron energies below 20 meV and deceases by ~ 15% above ~100 meV.

Based on these results it was decided to cool the beryllium and inner steel reflector with DO and all the
other assemblies with H,O. The analyses of the effect of H,O and D0, described in this section, were
done with synchronous rotating target model (which predates the current design) and the proton beam
footprint of ~ 44 cm?, which was smaller than the current footprint of ~ 62.4 cm?. Therefore; it is expected
that these analyses will be repeated in the later stages of the STS design.
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Figure 4.16. Details of the baseline model: top left—target, moderators, inner (dark orange) and outer (light
orange) steel reflector; top right: PBW and steel reflector, bottom: detail of the target disk, moderators, and
beryllium reflector. The numbers indicate materials: M4= D,0; M7 = Al-6061; M9 = H,O; M10 = Be with 2 % by
vol D,O; M16 = 95% SS-316 and 5% H,O by volume; M17 = 95% SS-316 and 5% D,0 by volume; M18 = 76%
Al-6061 and 24% H,0 (by volume).
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Table 4.3. Effect of assemblies’ coolant selection (D20 or H20) on performance of the moderators.

Configuration Description Effect on moderator performance

Baseline All assemblies are DO cooled, except the PBW
(76% Al, 24% by vol. H,0) and outer part of the
stainless steel reflector (95% SS-316 and 5%
H.0). Be reflector contains 2% by volume D;0.

Target: H.O As baseline, but the target coolant will be H,0O ~ 2 % lower peak and time-integrated
brightness for both the cylindrical and the
tube moderator

Target-PBW-  Target and inner and outer reflector are water ~ 4 t0 5 % lower peak and time-integrated
reflector: H,O cooled (95% SS-316 and 5% H,0), PBW is water  brightness for both the cylindrical and the
cooled, Be reflector contains 2% by volume DO  tube moderator
and is D,O cooled. Extraction channels of the
cylindrical moderator are also D0 cooled.

Reflector: H,O As baseline, but inner part of the steel reflector is  Peak brightness decrease:
H-0O cooled, coolant on the edge of Be is H.O, and e Tube mod. 5-8%, Cylindrical mod.
Be reflector is Be only. Extraction channels of the 5-13%
cylindrical moderator are also H,O cooled. Tint brightness:
e Tube mod decrease by 5-8%,
e Cylindrical mod. increase by 2%
below 20 meV, decease by ~ 15%
above ~100 meV
Full width at half maximum: increase for
cylindrical moderator, no effect for tube

moderator
Target-PBW:  The same as reflector, H,O, but PBW is D,O Changing PBW coolant from D,0 to H,O
DO cooled (76% Al, 24% by vol. D,0) has negligible effect on the moderator
performance.

4.1.6.7 Radiation-induced Damage and Component Lifetime

Radiation-induced damage to the material causes degradation of material properties, such as mechanical
strength, loss of ductility, and decreased thermal conductivity, and may limit the lifetimes of certain
components of the STS. For steel, the established lifetime limit is 12 dpa (displacements per atom). For
the aluminum components, the lifetime limit is either 40 dpa or a radiation-induced helium concentration
of 2000 appm, whichever is reached first. For tungsten, there is no clearly established lifetime limit; but it
is known that thermal conductivity decreases with increasing dpa, and this needs to be taken into account
in the target design.

For these reasons, neutronics analyses were performed to calculate the atom displacement rates and
helium production rates in different STS structures. Such analysis typically consists of calculating neutron
and proton fluxes inside the structure of interest and folding the fluxes with the dpa or helium-production
cross sections. Usually, a spatial mesh is applied to subdivide the structure and obtain a distribution of the
dpa and/or helium production inside the structure.

The front part of the target shroud, through which the proton beam enters the target, is usually referred to
as the “target window.” At the STS, each of the 21 segments will have a target window consisting of a
stainless steel plate about 160x60x2 mm (width x height x thickness). The distribution of neutron- and
proton induced atom displacements in the target window is shown in Figure 4.17. The peak neutron-
induced dpa rate is 0.2687 dpa/year and the peak proton-induced dpa rate is 0.1754 dpa/year, so the
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combined total (neutron + proton) dpa rate is 0.444 dpa per year. The lifetime limit of 12 dpa is reached
in approximately 27 years of operation. It is assumed that the target is operated in synchronization with
the proton beam pulses, so that consecutive proton pulses hit the centers of the adjacent target segments,
at full proton beam power of 700 kW for 5000 h per year. For comparison, for the stationary target
operating at 700 KW, with a beam footprint about two times smaller, the lifetime is estimated to be only
0.7 years. For a rotating target operated in asynchronous mode, the location of the peak proton beam
intensity would sweep the circumference of the target uniformly, thus spreading out the maximum
damage over a larger surface and reaching the lifetime limit of 12 dpa in in an estimated ~51 years.
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Figure 4.17. Distribution of neutron- (top) and proton-induced dpa rate in the target window.

The PBW is a water-cooled aluminum window that is located upstream of the target and separates the
high vacuum of the proton beam guide from the rough vacuum or helium atmosphere of the core vessel.
In the current neutronics STS model, the PBW is a 5.1 mm thick plate consisting of a homogeneous
mixture of 76% Al 24% by vol. H,O. Total helium production rate in PBW is ~ 616 appm/y; proton
reactions contribute 609.5 appm/y while neutron reactions contribute only 7.75 appm/y. The 2000 appm
limit is reached in 3.2 years of operation. The combined proton- and neutron-induced dpa rate is only 1.07
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dpalyear and would allow operation for 37 years. The PBW lifetime is therefore limited by the helium
production and is estimated to be 3.2 years. A map of the helium production in the PBW is shown in
Figure 4.18.

Damage in the aluminum shell of the moderators was calculated with the mesh tally in the bottom plate of
the cylindrical moderator, as shown in Figure 4.19. The highest neutron-induced dpa rate is 5.24 dpa/year,
while the proton induced dpa rate is only 0.034 dpa/year. The lifetime limit of 40 dpa is reached in 7.6
years. The helium production rate is ~68 appm/year, which would allow the operation of the moderators
for ~29 years.
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Figure 4.18. A map of the helium production in the PBW, proton-induced (top) and neutron-induced
(bottom) helium production rate. STS operation with 700 kW proton beam power for 5000 h per year is assumed.
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Bottom Al plate
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Figure 4.19. Radiation damage in the aluminum shell of the cylindrical moderator. Top: the location of the
mesh tally is shown; bottom: map of the total neutron dpa rate. The scales on the side of the dpa rate map are
dimensions in centimeter.
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Steel shielding surrounding the target, moderators, and reflector also accumulates radiation damage. A
map of the dpa rate in steel is shown in Figure 4.20. The dpa values shown are valid only in the steel
stationary structures. The blue contour line bounds the volume within which the radiation damage in steel
exceeds 12 dpa in 27 years of operation. The two red arrows point to the relatively small volumes of steel
shielding that may need to be replaced before the facility end of life.

12 dpa after 27 years

10? 10!
Total {n + p) dpa {dpa ia 27 years)

Figure 4.20. A map of the dpa in steel around the target. The dpa values shown are valid only in the steel
stationary structures. The blue contour line bounds the volume within which the radiation damage exceeds 12 dpa in
27 years of operation. The two red arrows point to the parts of the steel shielding that may need to be replaced
before the facility end of life is reached.

The map of the dpa in tungsten plate is shown in Figure 4.21. The highest dpa rate in tungsten is ~0.750
dpalyear. In 27 years of operation, the highest dpa in tungsten plate reaches 20.2 dpa. The regions that
exceed 5, 10, 15, and 20 dpa in 27 years are shown in Figure 4.21. While there is no established lifetime
dpa limit for tungsten, this information may be used to estimate the decrease in thermal conductivity in
tungsten and may affect the cooling requirements for the target.
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Figure 4.21. Distribution of the dpa in tungsten plate after 27 years of operation at 700 kW for 500 h per year.
Vertical (top) and horizontal (bottom) cuts through the tungsten plate centerline are shown. The contours bound the
volumes that exceed 5, 10, 15, and 20 dpa in 27 years of operation at 700 kW, for 5000 h/year.

A summary of the radiation damage rates and estimated lifetimes for selected STS components is given in
Table 4.4. For comparison, the values are also listed for the stationary target and asynchronous rotating
target. Two proton beam footprints are also considered: “small” refers to a ~30 cm? and “large” denotes a
~60 cm? proton beam footprint area. The component with the shortest lifetime is the PBW, at 3.2 years.
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Table 4.4. Radiation damage and predicted lifetime for selected STS components.

. Dpa Helium Target type/ . Lifetime Lifetime
ST PEE: Material ;i limit proton beam footprint Dparate Heliumrate - limity  (helium limit)
(dpa) (appm) (dpa/ (appm/ (years) (years)
year) year)
Target window SS 12 Stationary/ 16.7 0.7
small
Asynchronous rotation/small 0.35 51
Synchronous rotation / large 0.444 27
Proton beam Al 40 2000 Stationary or asynchronous/ 2.3 1335 17 15
window small
Synchronous rotation / large 1.07 616.3 37 3.2
Moderator vessels Al 40 2000 Stationary or asynchronous/ 7.8 116 5.1 17
small
Synchronous rotation / large 5.24 68.2 7.6 29
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4.1.7 Operations

The Target Systems are a single failure point for the overall STS system. Therefore, availability,
robustness, and maintainability are central values to the design. Where possible, the design incorporates
redundancy and fail-safe modes to allow continued neutron production in the event that a portion of the
system is operating in an off-normal mode.

The Target Systems have two distinctly different operating modes: beam-on operation and beam-off
operation.

4.1.7.1 Beam-on Operation

When beam is on, the following systems require active operation, which is defined as operation under
control of Target Systems operators or under the automated control system (EPICS):

Proton beam diagnostics, harp, halo monitor, and target viewing periscope (TVP) (Section 4.2.2)
Target technical component utility systems (Section 4.8)

Target drive system (Section 4.3.3.3)

CMS

These systems perform the three functions of cooling, monitoring, and positioning (in the case of the
target drive system) the critical components of the Target Systems. The remaining target hardware is
stationary during operation and does not necessitate active control. Because of the high levels of
radiation, personnel will not be able to enter the utility vault, beamline access pits, or service cell while
the proton beam is on. Consequently, high reliability, redundancy and remote monitoring are key
elements in the design of these systems.

4.1.7.2 Beam-off Operation

Regular outages will be incorporated into the STS operating schedule to allow personnel to upgrade and
maintain equipment. Two types of outages are common; weekly 8 hour shutdowns designated for modest
fixes and 1-2 month biannual maintenance periods designed to allow for significant equipment
maintenance.

8 Hour Shutdown Operations

Certain equipment has been identified as requiring maintenance or change-out during an 8 hour
shutdown. This includes the target drive system, the TVP, and the valves, pumps, and sensors of the
technical utilities system. Most of this work will be performed manually with limited special tooling
Access to the utility vaults is limited by the half-life of the radiation in the activated water. Experience at
SNS with beam at ~1MW has shown that personnel can enter the target utility vaults 2-3 hours after the
beam is off. Local radiation areas are roped off as required to control exposures (e.g., shielded ion
exchange columns).

Extended Shutdown Operation

Maintenance or upgrade of large target system components will have to be performed during extended
outages inside the service cell or using special handling equipment because of high levels of activation.
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Targets will be changed and maintained in the shielded service cell. All target handling operations will be
performed remotely because of the high level of residual radiation. When targets are not exposed in the
cell, and the target cart is positioned in the monolith, personnel will be able to enter the cell to perform
many routine maintenance functions.

Other target system components such as the PBW, beamline inserts, operational shutters, and inner
reflector plug (IRP) will require dedicated, shielded handling tools. With the goal of simplifying
operations and reducing costs, much of this work will be based on existing SNS tooling. However, new
tooling will be required for the neutron beamline inserts and operating shutters.

42 PROTON BEAM INTERFACE COMPONENTS

Five proton beam interface components will be contained in the roughly 3.3 m long zone between the last
guadrupole magnet and the target, as shown in Figure 4.22. The PBW assembly will separate the rough
vacuum environment of the vessel from the high-vacuum accelerator. The harp, halo, and TVP assemblies
will monitor the proton beam alignment and condition. A beam collimator will be located upstream of the
PBW to prevent a misaligned beam from damaging the target, moderators, or alignment monitors. All
these assemblies are designed to be compatible with the high bay remote handling system described in
Section 4.9. The proton beam tube sections between the components are integral to the overall assembly.
The tube sections are planned for life-of-facility operation; however, special replacement procedures can
be implemented to restore operations.

Collimator Proton Beam Halo Periscope Target

Harp Window

e I |
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73mn ——————

[-1 3306 mm >

Figure 4.22. Section view of core vessel showing location of primary components.
4.2.1 Proton Beam Interface
4.2.1.1 Baseline Proton Beam
Target Systems and the STS Neutronics Group developed a proton beam profile at the PBW based on
neutron production efficiency and target material thermal stress limits. The profile was expressed as a

super-gaussian formula amenable to analysis by both groups. The accepted profile was then used by the
Accelerator Group to design a magnet configuration. Figure 4.23 shows both the original super-gaussian
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approximation and the accelerator design basis profiles expressed at integrals (protons/pulse/m) in each
plane. The nominal maximum beam density is approximately 4.8x10% protons/pulse/m?. The figure
identifies the ideally centered nominal 90% beam area as 62.3 cm? (4.8 by 13.0 cm). Also identified are
the outside edges of the tantalum-clad tungsten blocks (6.0 cm tall by roughly15.0 cm wide). Neutronic
analysis calculates 60% of the total beam energy is deposited in the target with the remaining 40% or
280 kW being deposited in the surrounding structure. Using data from the accelerator study, the
additional heating outside the target due to misaligned beams was determined (see Table 4.5). For
deviations of less than about 10 mm, the change is within the design margin for most of the target system
components. However, off-center beams will increase stress in the target blocks and shroud, increase
heating in the moderators, and change neutron production rates.
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Figure 4.23. Mathematical approximation of theoretical proton beam-on-target configuration.

Table 4.5. Additional heating due to various beam offsets.

Fraction on Additional heat Total heat outside

Beam offset (mm) target block outside(tlf\;\%et block target block (KW) Increase
0.00 98.4% 6.75 286.75 0%
3.00 97.7% 9.63 289.63 1%
6.00 96.1% 16.20 296.20 3%
9.00 94.7% 22.18 302.18 5%
12.00 90.2% 41.00 321.00 12%

The proton beam study also produced the beam profile along the flight path of the interface region, as
shown in Figure 4.24. The profile provides both sizing and energy density information for use in the
design of the interface components.
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Figure 4.24. Proton beam profile between last quadrupole and target.

4.2.1.2 Beam-on-Target Baseline Configuration

As noted earlier, the baseline proton beam is designed to match the proposed rotating target. Figures 5.25
and 5.26 show the boundaries of the ideal 90% beam (95% vertical and horizontal beam energies)
incident on the target. A vertical margin of £6 mm is provided to account for beam misalignments, off-
normal spread, and tails. Horizontal beam deviations are more easily accommodated by the configuration
of the target assembly that includes a nominal margin of £16 mm.

Figure 4.25. Vertical section of ideal beam-on-target configuration.
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Figure 4.26. Horizontal section of ideal beam-on-target configuration.
4.2.1.3 Beam Position Monitoring Components

The proposed STS scheme for monitoring and controlling the position of the proton beam on the target is
based on the FTS system. Mechanical descriptions for each of the STS monitoring components are
provided in Section 4.2.2. The performance capabilities for these components are based on operational
experience in FTS and, in the case of the TVP, full-scale mock-up testing. These are summarized in
Table 4.6.

Table 4.6. Proton beam alignment capability of monitoring components.

Alignment relative to ideal

Alignment monitor TVP BPM Harp and halo
Beam centroid (point) <+ 0.5 mm + 1.0 mm <+ 4.0 mm
Beam spread <+ 5% NA <+ 5%
Beam peaking normal - NA +5%
Beam peaking limit - NA <+ 10%
Beam operational drift <+ 0.5mm <+ 0.5 mm <+ 0.5 mm
(pulse-to-pulse)

Total beam center to <t1 <+ 1.5mm <t£45mm

target center

4.2.1.4 Beam-on-Target Baseline Operating Parameters

Preliminary proton beam, target, and neutronics studies combined with FTS experience provide a
reasonable basis for establishing the initial beam-on-target operating parameters.

Normal, ideal operation will position the proton beam within £1.5 mm of the ideal target center using the
beam position monitor (BPM) and harp/halo combination. Both systems are based on proven FTS designs
that have operated reliably for over 12 years. Optical feedback has proved to be accurate in FTS;
however, functional and target coating lifetime issues make the TVP useful only for backup monitoring.
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Individually, both the harp/halo and BPM systems will support non-ideal but acceptable beam operation.
The harp/halo combination alone will be less accurate and, without calibration with the other monitors,
BPM accuracy could change as a result of adjustments in proton beam operating parameters. With
consideration given to these limitations, neutron production can continue. No time limit is applied for the
non-ideal monitoring cases in order to provide time to institute repairs without halting neutron production.

Beam shutoff will occur if the monitoring components experience anomalies or failures, or if the beam is
misdirected, peaks, or spreads outside specified operating limits. Note that FTS has demonstrated that
these anomalies are extremely rare, and that the proton beam can be turned off in as little as one pulse. If
necessary, STS also plans to include a beam collimator designed to contain misdirected or spread beams.
Beam studies will be performed in the next design phase to establish beam operating limits and collimator
design parameters.

4.2.2 Beam Interface Components

The mechanical configuration of the proton beam interface components is described below. Also included
are comments on the fabrication and installation tolerances for the components, since both factors will
ultimately bear on the quality of the alignment scheme. The BPMs are part of the accelerator and are
therefore not described here.

4.2.2.1 Beam Collimator

Beam collimation will be required to protect the TVP mirror and PBW seal. As currently conceived, the
collimator will be located upstream of the PBW and will be independently replaceable, as shown in
Figure 4.27. The collimator aperture will be approximately 65 by 127 mm, including a fabrication and
installation tolerance of £1.5 mm. It will be attached to the interior vessel flange with remotely accessible
bolts and sealed with double metal O-rings. It will be mounted on horizontal rails for retraction into the
PBW cavity for vertical replacement. A secondary function of the collimator will be to provide a
replaceable seal face for the PBW inflatable seal.

The materials used and the depth of the collimator will be developed based on future accelerator fault
studies. For example, the maximum beam misalignment and duration remains to be determined.
Maximum beam spread is another factor that will be instrumental in the design of the collimator.

Proton Beam Line
Backup Seal Spool

Periscope
w/ Beam Scrapper |

Mirror

Figure 4.27. Proton beam window configuration.
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4.2.2.2 Proton Beam Window

STS requires an atmospheric barrier between the core vessel, which will operate at sub-atmospheric
pressure with the possible presence of water vapor, and the high vacuum in the accelerator. The PBW is
based on a configuration proven in many accelerator-based neutron-scattering facilities, including the
FTS (Figure 4.28). The window itself will be a thin, water-cooled plate mounted at the bottom of a
vertical plug and sealed to the proton beam tube with an inflatable metal bellows seal. The window will
be aluminum 6061, based on successful implementation in the FTS PBW assembly. Its limited beam
scatter and longer life currently make aluminum the favored option. The PBW assembly will include a
thermocouple-based halo monitor downstream of the window (see Section 4.2.2.4). Even though the halo
is expected to have a long operating life, it will be mounted with the PBW to reduce the number of
modular assemblies.

The PBW will be located inside the core vessel for several reasons. The in-vessel location will position
the window as close as practical to the target, thus minimizing proton beam scatter. A seal between the
PBW assembly and the vessel atmosphere will be eliminated. Alignment to the beamline will be
optimized by positioning the assembly on surveyed positioning guides in the vessel. The PBW assembly
will have a three-piece plug arrangement that conforms to the requirements of the STS remote handling
system. All the active and cooled components will be grouped in a single module with upper two shield
blocks that are passive and reusable. The utility stem to the lower module will be fully assembled at
installation, thus eliminating inaccessible electrical connectors and tube joints in the shielding. During
removal, the utility stem will be cut in situ to reduce the size of a spent assembly to simplify handling and
packaging. An activated PBW assembly cannot be repaired and returned to service.

A vacuum seal will be located between the PBW and the collimator as shown in Figure 4.27. The seal

will be a single-sided, all-metallic, inflatable assembly based on a design reliably employed at several
accelerator facilities, including FTS. Because the seal can be retracted during handling, it will provide the
clearance necessary for remote replacement operations. The inflatable metal seal has the disadvantage that
it requires unblemished seal faces. The beam collimator can be replaced to correct for a seal face defect.

Utility Stem

Cooled
Shield

Inflatable
Seal

Beam
Window

Figure 4.28. The FTS proton beam window assembly.
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The neutronic analysis of an aluminum 6061 PBW estimates a damage rate of approximately

0.93 dpa/year, which would yield a lifetime of 37 years if a damage limit of 40+ dpa is used (Figure
4.29). On the other hand, if the more conservative lifetime limit of 2000 appm helium is used, then the
calculated production rate of 616 appm/year will limit the life of the window to 3.2 years. Given this
relatively short life, STS is evaluating two options. If water entering the accelerator is considered an
acceptable risk, then the window could be operated to failure. Although this would introduce schedule
uncertainty for the first windows, eventually a predictable mean time between failures could be developed
to support a realistic change-out schedule. Another alternative would incorporate multiple window
positions in the assembly with an in situ ability to shift between each without significant disassembly
effort or time. If all three windows were cooled with one water loop, then in the case of a single window
failure, the assembly would have to be changed. Cooling all three windows independently would
complicate the assembly and reduce the system reliability. Note that halo monitor assemblies have proved
to be highly reliable; however, a very long-lived PBW could challenge this limit. Additional analysis of
this subject is required to ensure the two systems could be compatibly packaged in the same module.

The PBW is cooled by process loop 1, along with the target. Both components are directly heated by the
proton beam, have similar cooling water activation products, and can use the same delay tank and gas/
liquid separator. Having a common loop also has a potential safety benefit for target loss-of-cooling
accidents. If the PBW cooling also were lost, the window would fail and the loss of high vacuum in the
accelerator would provide a passive beam shutdown, even if the active safety systems designed to trip the
proton beam were not functioning. Note that the accelerator will be equipped with fast-acting valves
designed to contain the gas and water inflow in the event of a PBW failure.

n-induced He production

rEdpay (appm/y)

100

- 02
10 n-dpa (dpaly)

Figure 4.29. Proton beam dpa and helium in aluminum PBW based on a 15 Hz beam (windows shown rotated
by 90°).
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4.2.2.3 Proton Beam Wire Harp

STS will have a wire harp similar to the system used in FTS (Figure 4.30) and other similar accelerator
facilities. The wire grid assembly based on the FTS design is expected to provide beam centroid

positioning feedback to the control system within £ 4.5 mm of ideal vertical and + 4.5 mm of ideal
horizontal.

Figure 4.30. Current SNS proton beam harp module.

The harp will be installed upstream of the vessel as shown in Figure 4.31. It will be located in the high-
vacuum proton beam tube at a tee, which will locate the seal above the activation zone and thus make the
use of conventional sealing materials possible. The harp itself will be flexibly attached to the seal plate so
that it can be positioned on vessel-mounted fiducials near the proton beam line at an accuracy of £1.0 mm
(vertically and horizontally).

The FTS harp has proved to be highly reliable, having remained continuously in the proton beam for 11
years to date. However, the STS proton beam flux density will be approximately 200% higher, so the
operating life of the same basic system could be significantly shorter. Consequently, the proposed STS
harp may incorporate a retraction mechanism to reduce beam exposure to ensure extended life. That could
significantly reduce its effectiveness as a beam monitoring element. Regardless of the actual assembly
operating life (assumed to be 5 years for planning purposes), the harp assembly is designed to be changed
using the proven vertical shielded container arrangement described in Section 4.9.

The proposed harp mounting location in a vertical pipe tee will complicate the maintenance of the proton
beam tube sections in the monolith. Fortunately, the FTS has demonstrated that there is a very low
probability of damage to the beam tubes; nevertheless, STS will include features to enable replacement.
Replacement will be a difficult operation because of the length, position, and activation of the assembly.
The design of disassembly features will be undertaken in the next design phase. Alternatives such as
installing the harp in the accelerator tunnel have been considered and eliminated either because they do

not simplify the assembly or because they reduce the usefulness of the harp by placing it too far from the
target.
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Figure 4.31. Harp configuration.

4224 Beam Halo

As noted in Section 4.2.1 the PBW assembly will include a thermocouple halo as shown in Figure 4.32.
The system will be like that used in FTS (Figure 4.33) and other similar accelerator facilities. This system
has proved to be highly reliable because the thermocouples are exposed only to the relatively low-power
perimeter beam. The halo and halo control system will be designed by the Accelerator Group. The
mechanical installation will be designed and provided by Target Systems.
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Figure 4.33. FTS halo monitor as mounted in PBW assembly.

4.2.25 Target Viewing Periscope

A Target Imaging System was retrofitted into the FTS PBW assembly. Despite the mechanical challenges
that required the use of optic fiber, the system proved to be useful. STS provides the opportunity to install
an optimized system based on direct viewing using mirror optics. The FTS target viewing team was
enlisted to design and develop a robust periscope capable of providing continuous beam-on viewing of
the target. This team determined the best approach to be a simple arrangement based on two flat mirrors
and commercial optics positioned outside the target drive room to facilitate maintenance during beam-on
operation. The resulting configuration (Figure 5.34) effectively means the camera has a telescopic view

from approximately 10 m.
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Figure 4.34. Section target monolith along periscope sightline.

The system will have a visible light mode and one infrared (IR) spectrum mode. During alignment and
inspection (beam on or off), the target area, including certain critical moderator-reflector and vessel
interfaces, will be illuminated by lights located in the target drive room. Two polished pipes will transmit
the light to a reflective surface above the optic mirror that will illuminate the target area (Figure 4.35) and
fixed fiducials along the beam line. This viewing mode will be particularly useful during the final
alignment of the target disk relative to the moderator reflector assembly (MRA) aperture.

During beam-on operation, the proton beam incident spot on the target will be made visible by a
luminescent coating with embedded fiducials (Figure 4.36). Thermal imaging will be made possible with
a dichroic beam splitter, IR optics, and an IR camera. This simultaneous imaging will allow monitoring of
the uniformity and consistency of the target nose temperature, which is an indicator of possible water
distribution problems inside the target. Note that the target drive will have an operating range that will
result in a horizontal drift of £2.5 mm (see Section 4.3). This motion will be monitored with the TVP
optics using fixed cross-hairs centered during start-up.

The TVP will be mounted in the monolith through the lid of the core vessel to provide clearance for the
horizontal viewing tube and to facilitate rapid change-out. The replacement will be fully tested in the
MUTS to ensure that the mirror is correctly positioned before installation. The second mirror can be
manually adjusted during the reassembly process using the visual optics system. The vertical assembly
will be positioned on vessel fiducials to within £0.5 mm of ideal vertical and horizontal
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Figure 4.35. Detail of lower periscope configuration.

Al33 Eosting fGray) Beam Spot Fiducials

(4 each)

Centerline Optical
Fiducials (2 ea: Vert
and Horiz)

Target Segment Face

Figure 4.36. Fiducials on a typical target disk segment.

A full-scale mock-up of the proposed optical system was constructed at ORNL (Figure 4.37) in 2017. The
mock-up demonstrated that the desired capabilities can be achieved; most important, tests showed that
target area features can be discerned with <1 mm resolution (Figure 4.38). This level of precision allows
the periscope to monitor the position of the target and to assist with proper alignment of replacement
moderator/reflector and target assemblies. It was also demonstrated that atmospheric distortions will be
minimal if the vessel must be operated with a sub-atmospheric helium environment rather than vacuum.
Note that the IR thermal imaging and IR spectroscopy capabilities have not been tested in the mock-up
system because they are well established, using commercially available products. Also, the current
baseline calls for the use of the FTS luminescent coating even though improved coatings may become
available through the ongoing development program under way in conjunction with the ESS project.
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Figure 4.37. Periscope mock-up facility.
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Figure 4.38. Mock-up periscope target image showing resolution and depth of field.

The water-cooled first mirror is the only uniquely new element of the proposed periscope. While all other
components in the system are commercially available and can be maintained and aligned manually, the
first mirror must be accurately aligned in the core vessel MUTS before assembly. The reflective surfaces
of the first mirror must be protected against corrosion in the event of a small water leak inside the vessel
by gold plating the critical surfaces. This will result in a different attenuation and optical spectrum, which
might need to be considered along with adjustments to improve IR temperature measurements. The mirror
must also be uniformly cooled to maintain reflective surface flatness and thus the quality of the image.
Analysis of a smaller mirror indicated that it will be heated at a rate low enough that thermal distortion of
the mirror face should be achievable. Note also that the design includes additional thermal control by
holding the cooling water inlet temperature to a band of £1°C.
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Because the TVP offers direct access to the proton beamline, alternative viewing options may be
implemented in the future. For example, it may be possible to develop a beam spot readout based on
temperature (IR light) rather than luminescence. The readout may be required if it is determined that the
luminescent coating on the target sections is not able to perform as expected over the full life of the target
for reasons such as corrosion due to environmental contamination resulting from a water leak. It is also
assumed that a special, temporary viewing system may be built for use during installation and
maintenance to provide a full view of the proton beam passage. This system could include mirror tilting
and rotation features not feasible for the beam-on TVP assembly.

4.2.2.6 Interface Component Fabrication and Installation Tolerances

The core vessel is the essential target system alignment feature. It will be installed as accurately as
possible, grounded for minimal displacement over the life of the facility, and internally machined to
provide reliable and precise placement of all the key target system components. The details of the vessel
fabrication and installation are discussed in Section 4.6. However, based on the performance of FTS, the
locations of the proton beam monitoring component positioning guides in the core vessel are
conservatively assumed to be accurate to less than £1.0 mm over the life of the facility. This level of
accuracy will be accomplished by careful placement of the vessel with compensation for compression of
the foundation piles as shielding is added around the vessel. Additionally, the component positioning
guides will be installed with shimming and adjustments to provide maximum, surveyed alignment.
Including these factors with internal tolerances, it is assumed that all the components in the proton beam
path, except for the periscope and target, will be placed without in-place adjustment to within £1.0 mm of
the ideal beam line both vertically and horizontally. The suspended target disk will be positioned in situ at
the drive mounting frame on the core vessel lid. This will provide for inevitable internal and assembly
tolerance stack-up differences in replacement components. Similarly, the elevation and tilt of the TVP
will also be adjustable in-place using fixed, visual fiducials in the beam tube.

4.2.3 Proton Beam Interface Development

Accelerator fault analyses will be performed in the next design phase to quantify the extent and duration
of various off-normal events that can occur in the target interface region. Study results will be used to
develop the proposed features to absorb these events, notably the configuration of the beam collimator.

43 TARGET ASSEMBLIES

A rotating solid target was selected for STS as the result of an evaluation of all known target options (see
Section 4.3.2). The proposed configuration is based on a combination of solid target designs proved at
other spallation facilities and a successful full-scale mock-up rotating drive test. The target is composed
of 21 stainless steel-shrouded tantalum-clad tungsten blocks 6 cm high by 25 cm deep. The blocks are
arranged in a multi-section, light-water—cooled, disk mounted on an axle supported and driven from
above the monolith shielding. The target assembly is shown in Figure 4.39.
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Figure 4.39. Vertical section view of rotating target assembly in the STS monolith.
4.3.1 Design Requirements
The high-level design requirements for the target assemblies are in the following subsections. Additional,
more detailed, requirements are included in subsections for the three main subassemblies that make up the
target assemblies.
4.3.1.1 Safely Accept the Proton Beam
The conceptual target design is evaluated for safety impacts in the STS Preliminary Hazards Analysis
Report [McManamy 2019]. As the design matures, so too will the hazards analysis. The design must meet
the facility goals for personal safety consequences and probabilities.

4.3.1.2 Allow Heat Removal of Deposited Energy (~60% of 700 KW)

Approximately 60% of the proton beam energy is directly converted to heat in the target region. This heat
must be removed via the water-cooling system.

4.3.1.3 Optimize Design for High-brightness Neutronic Performance

High peak brightness is a key feature of STS. The target design shall be optimized to support high
brightness. Key requirements that support optimization for high brightness include these:
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e Minimizing the beam profile size that can be tolerated

e Minimizing target and shroud material outside the beam profile, allowing moderators to be positioned
as close as possible to the target

o Maximizing the average material density in the neutron generation volume.
¢ Minimizing manufacturing and installation tolerances of the target disk

e Minimizing runout of the target disk

4.3.1.4 Maximize Design Lifetime

Target replacements cause facility downtime. The planned lifetime shall be maximized in order to limit
facility downtime and reduce operating costs. Target shroud embrittlement due to radiation damage is one
lifetime consideration. At present, target lifetime is more than 20 years if limited by shroud
embrittlement. Other failure modes that lead to end of target life are loss of cooling due to a change in a
coolant passage, leakage from the shroud, and breach of the tungsten casing, leading to tungsten erosion.
The design must balance the trade-offs between optimized performance and robustness that supports
extended and predictable lifetime.

4.3.1.5 Maintain/Exchange Target Drive System without Changing Target Assembly

The target drive system includes several components with expected lifetimes shorter than that of the
target disk, such as water seals, gas seals, drive motors, and sensors.

4.3.1.6 Tolerate Off-nominal and Off-normal Beam

Conceptual proton beam alignment capabilities are outlined in Section 4.2.1. Ultimately, a set of
allowable, off-nominal, normal operating variances will be developed. These will include vertical and
horizontal offsets as well as peaked and divergent beam profiles. The target will be designed to accept all
these cases without limitation.

In addition, off-normal cases, such as beam pulses when the target loses rotation or is not properly
synched with the beam pulses must be considered. In these cases, the minimum design requirement is to
comply with the facility safety requirements to minimize consequences to workers and the public. If
possible, the design should accommodate off-normal operation without leading to end of target lifetime.

4.3.2 Target Type Selection

This section provides a summary of the target design and material choices that are considered in this
conceptual design. It also provides the rational for proceeding with the solid tungsten rotating target.

Spallation neutron sources have used a variety of different target materials and cooling. Typically, high-Z
target materials have been chosen since the production ratio of neutrons to protons increases with higher
Z and density. Solid target materials that have been used include tungsten, tantalum, lead, and uranium.
Uranium targets were used at the Intense Pulsed Neutron Source facility at Argonne National Laboratory
[Boringer et al. 1991] and at the ISIS facility at Rutherford Appleton Laboratory in the UK [Finney
1990] but have had problems with swelling that caused failures in the cladding materials. Uranium also is
undesirable for short-pulse operation because of delayed neutron production. Lead targets within tubes
have been used at the Swiss Spallation Neutron Source, which operates at steady state. There have been
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problems with lead leaking from the tubes [Dementjevs 2018]. Lead is lower in density than tantalum or
tungsten and therefore has lower neutron production per proton. Tantalum was used at the ISIS facility
and delivered good neutron production and reliability; however, it has very high levels of activation and
long-lived decay heat. Because of handling difficulties with tantalum, tungsten was selected for later ISIS
targets. Operation at Los Alamos National Laboratory of bare tungsten with water cooling ina 1 MW
beam showed high rates of corrosion for sections within the beam profile. Recently, facilities with water-
cooled solid targets have selected tungsten with tantalum cladding, including the Luan Center, ISIS target
stations 1 and 2, and the Chinese Spallation Neutron Source (CSNS).

The ESS facility plans to use tungsten plates with helium cooling so that a separate cladding for corrosion
protection is not needed. It will also use a large rotating target that allows for passive decay heat removal
and low average power density in the target material.

Mercury is the other major target option that has been used at the SNS FTS and Japan Research
Accelerator Research Complex facilities.

At STS, the target material and configuration choice must be consistent with the facility goals, including
o High brightness, intense, short pulses of neutrons

o High reliability and availability

e Acceptable accident safety consequences that are comparable (or improved) relative to FTS

e Minimized overall facility capital and operating costs

Given the experience to date with SNS, the major options considered for STS were

e Mercury target
¢ Compact stationary tungsten target with tantalum clad and water cooling
¢ Rotating tungsten target

— Water cooled
— Helium cooled

4.3.2.1 Option Comparison
It is likely that any of the major target options could be made to work for STS to some extent. A

qualitative evaluation of some the principal advantages and disadvantages for each option are given in the
following tables.
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Mercury target

Advantages

Disadvantages

Developed and used for SNS First Target Station

Operators experienced with system operation

Mercury process system has operated reliably for over
10 years

Possible similar system components with FTS for spares

Additional water-cooled shroud needed, reducing
moderator performance

Cavitation damage potential is likely to be higher for
STS than FTS because the peak proton pulse intensity is
approximately 2 times higher than for the proton power
upgrade design at 2 MW

Average density and neutronic performance would be
lower than for a solid rotating target

Complex process cell for mercury system needed with
full remote maintenance, which adds risks to availability

Mercury containment adds complexity to primary
confinement exhaust system and process cell
construction

Compact stationary tungsten target with tantalum clad and water cooling

Advantages

Disadvantages

Technology developed and used for ISIS TS1 and TS2,
the Lujan Center at Los Alamos National Laboratory,
and the Chinese Spallation Neutron Source

Separate water-cooled shroud not needed

Compact target gives good neutronic performance

SNS experienced with water cooling system design and
operation in First Target Station

High decay heat within small target envelope for
700 kW beam operation

Active cooling required after beam shutdown to prevent
target damage

Decay heat with total loss of cooling would lead to
tungsten vaporization and target collapse with long-term
facility shutdown

Target lifetime ~5% of comparable rotating target based
on dpa damage

Target carriage and process cell needed for target
replacement

Rotating tungsten target—water cooled

Advantages

Disadvantages

Good neutronic performance—low time-averaged heat
generation requires less water in the beam for cooling
compared with compact target and no separate shroud
needed

Decay heat passively cooled, so total loss of cooling
does not lead to tungsten vaporization

Very long target life for 1.2 m diameter target >20 years
based on dpa damage

Proof of principle for drive and shaft demonstrated in
2010

No connected process cell or horizontal carriage
assembly required

Moderator replacement much more complex with target
in place

Mechanical complexity added for drive and shaft seals
for water and vacuum

Additional initial target cost compared with a compact
target

Spent target handling is more complex and may require
segmentation and/or procurement of a dedicated
shipping cask

Decay heat may require active cooling to prevent target
damage during handling or loss of primary cooling
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Rotating target—helium cooled

Advantages Disadvantages
Technology is being developed by ESS project No operating experience in a spallation source
Reduces water/steam available for tungsten vaporization Higher temperatures and pressures needed compared
with loss of cooling and continued beam operation with water cooling
Does not require clad, thus reducing decay heat and Very high helium purity must be maintained to prevent

production of 182Ta, which is a primary contributor to oxidation
offsite dose for a clad target

Long target life compared with compact stationary Potentially lower average density if additional surface
target area is needed for helium cooling
No connected process cell or horizontal carriage No quantitative evaluation has been done for the STS

assembly required

4.3.2.2 Target Evaluations

The rotating water-cooled tungsten target was selected for STS based on good neutronic performance,
extensive operating experience with water cooling, and the recommendations of a safety, operation, and
reliability review comparing the compact stationary tungsten target and the rotating target. Mercury was
not the first choice because of the expected lower neutronic performance caused by having a water-cooled
shroud and lower-density material compared with a rotating target with tungsten.

The STS Technical Design Report issued in January 2105 was based on a compact stationary water-
cooled tungsten target with a 470 kW, 10 Hz beam. That report identified the potential for high tungsten
temperatures due to decay heat after a loss of cooling, with temperatures above the threshold for tungsten
vaporization in steam. A review of target design alternatives for safety, operation, and reliability was
conducted September 22-23, 2015, to examine compact and rotating target design options, including
accident analysis. Reviewers included two engineers who were responsible for the safety evaluations of
the tungsten target at the Los Alamos National Laboratory’s Luan Center and two safety specialists who
helped to develop the safety documentation for SNS.

The compact target design had 13 tantalum-clad tungsten plates of varying thickness, which were water
cooled within a stainless steel shell. Two cryogenic moderators were located above and below the target.
Decay heat from 470 kW operation was calculated by MCNP for each plate. Analysis showed that with a
loss of target cooling, the decay heat would raise temperatures above the tungsten—steam vaporization
threshold of 800°C; and simultaneous loss of pre-moderator cooling would lead to structural failures.
Designs for a 1.2 m diameter rotating target were also presented, which showed that the decay heat could
be passively removed by thermal radiation to the surrounding shielding at well below 800°C. The
neutronic performance was expected to be similar for both concepts.

The rotating target concept was initially developed at ORNL in 2008-2009, and a full-scale mock-up was
fabricated and tested. This was done in collaboration with the ESS-Bilbao team. They delivered a4 m
long shaft and a 1.2 m diameter target, which was assembled with a drive system designed and procured
by ORNL in 2009. Figure 4.40 shows this assembly.
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Figure 4.40. ORNL rotating target mock-up testing.

Mechanical testing of the assembly at 30 to 60 rpm showed very good alignment, with low run-out at the
target outside radius ( nominal ~0.2 mm and maximum ~0 .5 mm @ 34 Hz). The drive module was tested
for 5400 h at 30-60 rpm with no water seal leakage [Rennich et al. 2010].

The review conclusions were given by letter on December 21, 2015, recommending the rotating target.
The following is an excerpt from the letter:

The committee recommended the rotating tungsten target as the STS target design option.
As presented, the target delivered the desired brightness, possessed tolerable worst-case
accident consequences, eliminated decay heat as an accident initiator, and possessed a
multi-year lifetime. At this stage of the design, the rotating design also required the least
amount of supporting infrastructure. The drive mechanism concept had been partially
validated through successful operation of a full-scale mock-up at 60 rpm for 5,400 hours.
The stationary target was not recommended due to irrecoverable facility impacts during
loss of coolant accidents, unacceptable on-site consequence to workers during worst-case
accident scenarios, and the likely extent of infrastructure required to address these risks.
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4.3.2.3 Target Type Selection Summary

The water-cooled rotating target design concept was selected as the baseline in 2016 because of the safety
review and internal project evaluations. The tantalum clad was selected based on the extensive operating
experience at other facilities with this approach. It was recognized that the tantalum clad was the
dominant source of decay heat after several hours and that the *¥2Ta nuclide was potentially the largest
contributor to off-site dose exposures. An R&D program was started to develop an alternative method to
protect against water corrosion of the tungsten in beam. Options of “canning” with stainless steel or
zircaloy will be evaluated. This would reduce the decay heat and radiological inventory. Adequate heat
transfer and acceptable thermal stresses will need to be shown.

4.3.3 Target Design

The description of the target design is broken into the three subassemblies, which are the target disk, the
target drive shaft, and the target drive system.

4.3.3.1 Target Disk

Target Disk Functional Requirements

The following are the functional requirements for the target disk:

e Maximize high-Z, high-density material in the neutron production volume to increase brightness.
e Minimize the size of the neutron production volume to increase brightness.

e Minimize the thickness of water-cooling gaps and water shroud material to limit neutron losses and
allow the moderators to be as close as possible to the target material.

e Be water-cooled with a temperature difference of approximately 10°C.

o Prevent loss of target material to the water system, which is accomplished by encasing the tungsten
target material in another material that is not subject to corrosion in the presence of high radiation
levels and water.

o Maximize the operating life of the target by spreading dpa damage.

e Support the beam interface described in Section 4.2.1.

o Allow rotation at a speed that permits each 15 Hz beam pulse to impact the center of the next target
segment.

e Operate continuously for time periods greater than 500 h.
e Survive ~100,000 beam trips, or thermal cycles, during performance lifetime.

¢ Maintain tungsten stress levels below thresholds so that dpa damage to the target shroud is the
expected end-of-life mechanism.

e Use a stainless-steel shroud designed in accordance with ASME Boiler and Pressure Vessel Code
(BPVC) stress limits.
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e Minimize run-out, to less than 1 mm, to allow close positioning of the moderators to the target.

e Ensure the complete target assembly shall have a calculated, minimum natural frequency of 30 Hz.

e Include a “keeper” designed to prevent the disk from deviating from vertical by more than the drive
system can accommodate without damage. A seismic event or the deterioration of a single tungsten
block are possible causes of a significant out-of-balance condition.

Target Disk Design Description

The target disk is essentially 21 individual targets. The targets are welded to a central hub, from which
cooling water is supplied and to which it returns. Synchronous operation will center the proton beam
pulses on each of the segments, ensuring uniform thermal loading of the tungsten blocks. The diameter of
the disk was optimized to avoid interference with the forward beam lines and to make room for the
moderators and reflector in front of the axle. Table 4.7 summarizes the essential target parameters.

Table 4.7. General target parameters

Parameter Value
Target diameter 1.16m
Tantalum clad thickness 1 mm
Tungsten/Ta plate thickness 7.0cm
Plate radial depth 25cm
Rotation speed 42.9 rpm
Discrete target sections 21
Timing Synchronous
Shell material 316L
Coolant H.O

The complete target disk and an exploded view of an individual target disk segment are shown in Figure
4.41. Each target segment is separated by 1 mm.
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Figure 4.41. Complete target disk with exploded view of an individual target segment.
4.3.3.2 Target Drive Shaft
Target Drive Shaft Functional Requirements

Axle rigidity, alignment, and balance shall be compatible with the operating speed and disk runout
requirements of the target system.

Cooling water supply and return shall be routed through the axle with a pressure drop of less than
0.03 MPa. Shielding will be provided in both the water cooling channels and along the outside of the axle.

The target disk and axle shall be replaceable using established remote handling techniques. Features
should be included to facilitate disassembly and disposal. Notably, the axle shall be joined to the disk in a
manner that facilitates disassembly, rather than with a welded connection.

Spent axles will be shipped in custom containers and disposed of whole.
Target Drive Shaft Design Description

The 4.5 m long, 1700 kg target drive shaft will be a machined and welded unit that will precisely align the
target disk to the drive. It is currently envisioned to be a heavy-walled, gun-drilled cylinder with transition
sections on either end. A parallel, double helix, water-routing insert will be closely fitted to the inside of
the cylinder. The helix will provide both shielding and water passages. It is likely that the insert will be
assembled in coupled sections to facilitate easier machining and handling. Drive shaft rigidity, alignment
and balance must be compatible with the operating speed and disk runout requirements of the target
system.
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The target disk and drive shaft will be replaceable using established remote handling techniques. A
precision taper-fit joint will connect the axle to the drive unit. The split locking ring will have two sets of
bolts. One set will be used to pull the axle securely into the tapered drive collar. A second set of jack bolts
in the collar will be used to separate the two assemblies. To ensure repeatable fit-up, a pair of precision
manufacturing gages will be maintained by STS for use by manufacturers of replacement drives and
axles. This configuration will allow

e Repair/replacement of the target drive system components without replacement of the drive shaft and
disk
o Replacement of the shaft and disk with re-use of the target drive system.

Cooling water supply and return will be conveyed through the axle with a pressure drop of less than
0.03 MPa. Shielding is to be provided in both the water-cooling channels and along the outside of the
axle.

Differences in the total lengths of replacement drive/axle assemblies due to machining accuracy will be
addressed with in situ adjustment of the drive elevation at the interface between the drive frame and
vessel lid.

4.3.3.3 Target Drive System
Target Drive System Functional Requirements

The drive shall contain all the target system active components such as control sensors, seals, motors, and
bearings. It is expected to have a shorter life than is expected for the passive target disk and axle. Thus,
the target drive unit shall be an independent assembly that can be maintained or replaced without
requiring removal of the axle or disk.

Cooling water shall be contained with a dynamic seal with a normal leak rate of less than 1 | per 1000 h.
Escaping water vapor shall be vented to the target drive room primary confinement exhaust system.
Provisions shall be made to route liquid water leaks to the hot process vaults (HPVs) and away from the
bearings.

A dynamic vessel gas seal shall be provided with a leak rate of less than 0.05 I/min at a differential
pressure of 1 bar.

Provisions for vertical and radial alignment of the target assembly shall be incorporated into the drive
unit. Dedicated installation tooling will be provided as needed.

The drive shall be designed in conjunction with the STS controls group to ensure precise synchronization
and adequate feedback to prevent damage to the target. Positional tolerance at the perimeter of the target
disk shall be less than +0.25 radians. Momentum matching will also be considered in the design of the
drive to ensure smooth operation.

Target Drive System Design Description

The design of the rotating target drive and axle arrangement is based on lessons learned during the design,
fabrication, and testing of a full-scale prototypical assembly (Figure 4.42 [Rennich et al. 2010]. The
prototype includes an independent overhead drive, water seals, and suspended disk similar in design to
that proposed for STS. The still-functional test facility has now been operated for over 6000 h without
significant maintenance intervention, leaking, or operating difficulty. Notably, neither the drive motor nor
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the primary support bearings were relubricated, based on temperature and vibration monitoring. The low,
constant operating speed, uniform torque, and a clean environment ensure minimum wear.
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Figure 4.42. STS target drive section view.

There are three noteworthy differences between the mock-up and the proposed STS drive. The radial
bearing assembly includes an inner sleeve with a taper fit connection to the axle rather than the flanged
connection used in the mock-up. At 4.5 m, the cantilevered length of the STS axle is roughly 1 m longer.
And the STS drive motor is coupled via a ring gear rather than directly connected to the axle.

Many observations from the testing program have been applied to the STS target design. The mock-up
was operated between 30 and 60 rpm. Initial run-out, as measured with dial indicators positioned on the
rim of the disk, was approximately 0.20 mm with an unpredicted peak of 0.55 mm at 34 rpm. After 5400
hours, the overall run-out was the same, whereas the peak at 34 rpm had decreased to 0.30 mm. Although
this was not significant, it points to the importance of constructing and testing the STS drive system with
enough lead time to make compensating adjustments for real-world factors.

By design, dynamic face seals require a small amount of leakage; this was indicated in the mock-up by
the loss of an estimated 1-2 | of water during approximately 4000 h of testing. Forced-air ventilation of
the drive shroud will both remove the water vapor and provide cooling. The ventilation air will be
contained in the STS target room and hot offgas system. The proposed drive includes a drain to channel
significant liquid leaks to the low-level liquid waste (LLLW) system. In general, the drive assembly water
containment system must be designed to fit into the facility containment system and allow for continued
operation in the event of nuisance water leaks. The mock-up seals were cooled with a fan but experienced
temperature differences from the ambient varying around 4°C and spikes up to 12°C. Note that the normal
operating seal temperatures were between 30 and 40°C. This is well below the seals’ temperature rating
of 200°C. To minimize the accumulation of contamination in the dynamic seal cavity, the water discharge
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pipe will be mounted below the level of the seal. Features designed to promote turbulent flow in the seal
cavity will also be added to the rotating axle interface.

The measured amperage, applied at a constant 460 V, decreased constantly throughout the test period.
The initial measurement of roughly 1.76 A corresponds to 810 W, while the final amperage of about 1.72
required 791 W, a 2% decrease. Virtually all friction occurs in the face seals; the mock-up has two seals
whereas STS will have only one, so it is assumed that the drive torque will be less. The drive/reducer was
protected with a unidirectional clutch that allowed the axle to coast freely, preventing back-driving during
a power or control failure. With this unit in place, the time for the target disk to coast from 50 rpm to zero
after motor power was intentionally removed was initially measured at 26 seconds. The time at the end of
the testing cycle was 29 seconds.

Restart after an extended shutdown is a normal target operating function. It was demonstrated in the
mock-up 5 months after the conclusion of the long-duration test run and repeatedly over the life of the
facility. System performance consistently returned to normal with only minimal change in the measured
parameters.

A conservative neutronic analysis calculated that the unshielded radiation level of the target cooling water

flowing through the drive unit is 10 Gy/h. Figure 4.43 shows the radiation levels inside the drive unit
mapped from this analysis.
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Figure 4.43. Radiation doses inside the drive unit due to activated target cooling water.

A local shielding shroud surrounding the drive unit and the return water pipe will reduce the radiation to
the target drive room to less than 0.01 Gy/h. This will protect sensors, lights, and other components
required inside the bunker. It will also help to minimize the thickness of the target drive room shield walls
(currently about 100 cm of HDC).

The drive will be segmented into modules to enable replacement of individual components without
removing the entire assembly (see Figure 4.44). The motor/reducer and the water seal are assumed to
have lifetimes that are shortened by failures unrelated to radiation; therefore, they will be mounted on top
of the drive assembly. The motor will be a conventional servo drive with an integral gear reducer with a
ring and pinon gear interface to the axle. Provisions such as bevel gears and anti-backlash features will be
used to limit slack in this connection. Based on the torque requirement for the full-scale mock-up and the
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addition of an environmental seal, a minimum 2 horsepower, continuous-rated motor will be required,
although motor sizing will also be dependent on momentum matching requirements. A servo drive with
on-board encoder and electronics is required to match the target rotation with the accelerator. Because the
servo is susceptible to radiation damage, it will be located outside the local shielding shroud. A backup,
independent target rotation feedback sensor will also be located in the same shielded location. Based on
experience with the FTS chopper drives, the control range of an encoder feedback control system will
result in a positional accuracy at the perimeter of the target of approximately £2.5 mm. Slack in the gear
coupling could add to this but is currently assumed to be less than £1.0 mm. The target disk segments will
be wide enough to accommodate +5.0 mm of horizontal deviation. A more sophisticated drive unit could
be employed to reduce the radial deviation of the drive if necessary. The proposed full-scale target mock-
up will provide the necessary design validation.

Water Supply ‘/ Drive Motor w/pinion

Dynamic Water-
Atmosphere Seal (Double
Face Sedl)

Water Return
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Figure 4.44. Target drive exploded view.

A single commercial graphite-on-stellite face seal will contain the cooling water in the target axle
assembly. The John Crane 676 used in the mock-up is rated for a pressure of 0.83 MPa, well above the
dead head pump pressure of 0.35 MPa. The proposed seal assembly will have several static, elastomeric
O-rings with a radiation tolerance of 104 to 105 Gy. The calculated dose to the seals will be roughly 5
Gy/h, giving the seals a life of 4 years. In reality, a longer life is expected because experience has shown
that static seals have significantly longer lives than predicted. The water return line will be positioned at
the low point of the seal to promote flushing of entrained contaminates. Additional features may be added
to ensure turbulent flow in the vicinity of the seal to further limit accumulation of contamination. A
second water seal will be eliminated by separating the supply and discharge flows with a small gap with
an acceptable bypass flow rate, currently estimated to be less than 5% of the total.

A pair of radial/thrust bearings mounted between the rigid structure and a heavy walled inner sleeve will

support the axle and disk. The bearing and integral ring gear will be lubricated with a radiation-tolerant
grease rated for 106 Gr. The grease will be contained in the bearings with two conventional nitrile rubber
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seals with a radiation tolerance of roughly 105 Gy, giving them a predicted life of greater than 10 years
based on the calculated exposure of approximately 1 Gy/h. The radiation-tolerant grease will be subject to
normal decomposition; therefore, a manual regreasing capability will be built into the drive.

Sealing the vessel environment is considered the most significant target drive design challenge. In
addition to the relatively high radiation dose of roughly 5 Gy/h, dynamic gas seals are inherently difficult.
Installation and maintenance will be complicated by the close tolerances required. The lifetimes of
contacting sealing faces will be limited by the poor cooling and lubricating capabilities of gas. And the
sealing materials are necessarily delicate (e.g., carbon rings or elastomers). Considering these limitations,
three basic options are available:

o Close-fitting, packing rings that have not proved successful for vacuum sealing. Radiation-tolerant
graphite packing rings could be used. However, packing rings produce significant frictional heating
and are subject to wear.

o Ferrofluidic seals that are delicate and complex, possibly making them inappropriate for the large,
difficult-to-handle target drive. Tests performed at Brookhaven National Laboratory with gamma
energies in the range of 2 to 9 MeV indicated ferrofluidic seals have a radiation tolerance of greater
than 2x10* Gy, giving an STS vessel seal a predicted life of less than 1 year [Simos 2017].

o Close-fitting non-contact rings with intermediate vacuum pumping.

The latter option is currently considered the best choice for the STS drive. Two sets of graphite rings with
sufficient intermediate vacuum pumping could be developed in the proposed mock-up drive unit.
Graphite rings have a proven high radiation tolerance but would require precision machining and fit-up.

A static metal bellows will be required to minimize alignment forces in the dynamic seal. In the current
drive configuration, the bellows and dynamic seal would be installed and aligned before the drive unit
was installed. If a dedicated drive installation tool were used, the seal subassembly should not receive
excessive loads.

Location of the vessel seal under the drive significantly complicates maintenance. The option of
positioning the seal above the bearings will be considered in the next phase of design. In the latter
arrangement, the bearing grease and grease cavity would become part of the vessel environment. This
configuration may be acceptable for low-differential-pressure operation.

A set of sensors will monitor inlet and discharge water temperatures, bearing temperatures and vibration,
coolant flow, leak detection, and rotation speed. Each of the sensors will be mounted for independent
replacement. Thermocouples and “spark plug” leak detectors normally have long lives in radiation
environments (>10° Gy). Nevertheless, all the thermocouples and leak detectors will be individually
replaceable during a weekly 1 day shutdown. Vibration sensors are vulnerable to radiation and therefore
must be located on extension rods outside the local shielding, even though this arrangement will reduce
their sensitivity.

4.3.4 Target Analysis
4.3.4.1 Introduction
Pre-conceptual designs for a solid rotating target were developed for STS and reviewed in 2017. At the

time, most of the target structural analysis was for quasi-steady state operation. It was recognized that
short-pulse dynamic loading could be important, but design analysis was terminated at a very preliminary
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stage because of a lack of funding. The design as of the end of 2017 included a set of thin plates near the
front and a solid wedge in the rear for each of 30 wedge elements. The objective of the plates was to
reduce the peak dynamic stress, but detailed analysis had not been done. The current effort evaluated this
design and found significantly higher stresses than desired. Design options were then developed to reduce
the stresses. It was found that a design with 21 solid wedges with a larger beam could reduce the stresses
to acceptable levels with minor impact (<5%) on the moderator performance.

4.3.4.2 2017 Design Evaluation
Design Configuration

The 2017 target design was based on a compact beam with an area of approximately 30 cm?. The
mechanical design included 30 tungsten segments contained within 15 subassemblies (Figure 4.45).

Figure 4.45. 2017 segmented target layout.

The vertical height of all tungsten pieces with tantalum clad was 5 cm. Each segment contained eight
6.35 mm thick tungsten plates with 0.5 mm tantalum clad on facing surfaces at the top, 2 mm clad on the
side, and one thicker wedge in the rear with the same clad thickness. There was also a 1 mm gap for water
between the plates. The proton was to be synchronized to hit the middle of each segment with a nominal
size of 4 by 7.5 cm.

Preliminary 2017 Design Evaluation
An initial Abaqus model was made using linear tetrahedral mesh elements. Energy deposition profiles and
the corresponding temperature rise from a pulse were generated by MCNP calculations for a similar

geometry [Habainy 2018] and mapped onto this model. The mesh and the peak temperature rise of
approximately 32°C in the tungsten after a pulse are shown in Figure 4.46.
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Peak Temperature rise 32 °C
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Figure 4.46. Tetrahedral mesh and temperature rise in quarter symmetric model.

The dynamic von Mises stress was evaluated by applying the temperature rise linearly over 10-%s and
evaluating the response over 120 us. The peak stress was approximately 250 MPa at 93 us ( Figure 4.47).
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Figure 4.47. Peak stress of 248 MPa at 93 ms.
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This peak was over two times what was expected and seemed to result from a constructive interference of
different modes. To confirm the results, a more refined model of the first plate was made using linear
hexagon elements (Figure 4.48).
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Figure 4.48. Peak von Mises stress for first plate of 231 MPa at 69 ps with hex mesh.

Although the more refined hex mesh produced a lower stress, the stress was still well above a desired
maximum of 100 MPa. A thinner 4 mm thick plate was also evaluated; but it showed a peak stress of
154 MPa, still well above the desired limit (Figure 4.49).
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Figure 4.49. Mid-plane cut of 4 mm thick tungsten plate with .5 mm tantalum clad showing peak von Mises
stress of 154 MPa at 95 ms.
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Going to thinner plates was not considered because the tantalum fraction would become very high,
increasing the radiological inventory of *¥Ta, increasing the decay heat, and reducing the neutron
production.

4.3.4.3 Solid Wedge Model
Solid Wedge Abaqus Model
The dynamic stress for a single pulse for a solid wedge based on the 2017 segment design was evaluated.

For this model, the tungsten was 48 mm thick with 0.5 mm tantalum clad on the front surface and 2 mm
on the top and sides. Figure 4.50 shows the initial model.

Model with linear 8 node Hex element 0.25 mm elements in clad and 1 mm for most of
1,622,792 elements tungsten region
1,694,184 nodes X & Y Symmetry on % symmetry planes

Figure 4.50. One-fourth wedge model based on 2017 layout.
The temperature rise distribution was applied linearly over the first us and held constant after that. The

tantalum heating as scaled as 83% of the tungsten heating. The initial temperature and the pressure at 1 us
are shown in Figure 4.51. Some relaxation during the pulse can be seen in the tungsten near the front wall.

' Peak Temperature 31 °C

Figure 4.51. Target temperature rise and pressure at 1 us.

Wedge von Mises Stress Results

The stress and deformation were calculated for 220 us. The peak von Mises stress overall and the peak on
the midplane are shown in Figure 4.52 with displacements magnified.
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Peak Stress in corner 142 MPa @ 31 ps Peak Stress on axis 134 MPa @ 88 s
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Figure 4.52. Target peak von Mises stress in corner and on mid-plane.

Because the peak stresses were well above the desired 100 MPa for the alternating stress range, several
options for a broader beam with a lower peak intensity and a larger target were investigated.

4.3.4.4 Beam Profile Investigation

An initial scoping study was done for three larger beam profiles and for the original profile with new
target models [Habainy et al. 2018]. The energy deposition in the target and the moderator performance
used a previous target model, which had two radial tungsten zones with a stainless steel ring between
them for support of the top and bottom disks. The beam profiles were defined by super-Gaussian
functions with the sigma and n values as shown. The cases are given below.

0.95 extent 0.95extent  Sigma Sigma

CASE Solid model Ma:(' o vertical horizontal  vertical horizontal n N
(°C) (cm) (cm) (cm) (cm) vertical  horizontal
1 Baseline 30.12 4 7.6 1.65 3.04 4 3.9
1 cm taller 25.17 48 7.6 1.98 3.04 4 3.9
lecm+20%  21.06 48 9.2 1.98 3.648 4 3.9
wider
4 1 cm+70% 15 4.8 13 1.98 5.168 4 3.9
wider

The target model used and neutronic mesh area on the vertical midplane are shown in Figure 4.53. Energy
deposition was evaluated over the darker mesh region shown.
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Figure 4.53. Target neutronic model—steel regions shown in blue and tungsten in yellow.
Mapping the temperature rise from the new neutronic model on the target shows a slightly lower peak and

a lower rise where the steel ring is located; but the resulting peak stress on the axis is very close to
previous results (Figure 4.54).

Peak Temperature rise 30.0 °C i Peak Stress 134 MPa @ 88 [is

Figure 4.54. Temperature rise and peak von Mises stress with new neutronic model.

Abagus models for cases 2, 3, and 4 were made using linear hex elements with a nominal mesh size of
0.75 mm for most elements. All models included 0.5 mm tantalum clad on the front surface and 2 mm on
the remaining sides. The dynamic response was calculated over 110 us and the peak von Mises stress
identified. The results are summarized below.

Max. dT (deg. Max. Von Mises

CASE Solid Model Q) (MPa)
1 Baseline 30.12 134
2 lcm taller 25.17 106
3 lem+ 20% wider 21.06 101
4 1ecm+70 % wider 15 69
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The last case with half the initial current density and a peak temperature rise of 15°C gave the lowest
stress level. Figure 4.55 shows the temperature distribution and the von Mises stress distribution at 84 ps
which is when the peak stress of 69 MPa occurred.

Peak Stress 69MPa @ 84 |is

Peak Temperature rise 15 °C

Figure 4.55. Temperature rise and stress distribution for the case 4 target.

The larger beam profile for case 4 was chosen for use for the baseline to give margin for additional
thermal stresses and irradiated material properties.

4.3.45 Baseline Target Analysis
Target Geometry

The target model used for case 4 was wider than needed for the beam and would have required a larger
target overall diameter. A new model was made assuming there would be 21 segments with nominally the
same overall target diameter. Each tungsten wedge had a 1 mm tantalum clad on all external surfaces. The
radius at the top front edge was increased to reduce stresses in that area. The wedge would be surrounded
by a stainless steel shell and water cooled. Figure 4.56 shows a segment including the steel shell and
water flow path.

Flow pattern

Figure 4.56. Target segment and water flow path.
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The 21 target segments are arranged as shown in Figure 4.57. The radius from the center of the shaft to
the center of the front tantalum surface is 0.57 m. Also shown is the location of the moderators above and
below the target and representative neutron beam lines.

Figure 4.57. Target disk assembly with 21 segments and moderator relative location.

The 21-segment design with a 15 Hz beam pulse frequency gives a pulse repetition rate on a segment of
1.4 s0r0.714 Hz and 42.8 rpm for the disk. The beam pulses are to be synchronized to hit the center of

each segment.
Material Properties and Design Limits
Room-temperature Unirradiated Properties

The unirradiated room-temperature material properties used for tungsten and tantalum, given in Table 4.8,
follow what was used for the ISIS clad target analysis [Wilcox 2016].

Table 4.8. Tungsten and tantalum room-temperature properties

Property Tungsten Tantalum
Density (kg/m®) 19250 16600
Young’s modulus (GPa) 398 188
Poisson’s ratio 0.28 0.35
Instantaneous coefficient of thermal expansion (/K) 4.5x10°6 6.3x107°°
Specific heat capacity (J/kg-K) 128.3 139
Thermal conductivity (W/m-K) 174.9 57.2

Irradiation Effects on Tungsten Properties

A study of material properties was done for the ESS project and included the effects of irradiation on
tungsten thermal conductivity and stiffness [Habainy 2018]. Figure 4.58 shows available data on thermal
conductivity with irradiation.
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Figure 4.58. Thermal conductivity versus temperature with irradiation effects.
The Abaqus analysis of temperature and displacement for irradiation used the value of 87 W/m-K
corresponding to the 100°C data with approximately 3.9 dpa or above. Reference [Habainy 2018] also
found that hardness data after ion beam irradiation of small samples showed an increase of approximately
15%. For an estimate of the effect in ESS, an increase of 20% in stiffness was assumed. For STS, a 20%
increase was also assumed giving a Young’s modulus of 4.776x10" Pa.
Design Limits
Some considerations to be considered in setting tungsten design limits are

e Tungsten has been shown to become brittle after irradiation ( ductile-to-brittle-transition temperature
shift).

o Limited mechanical fatigue data after irradiation are available.

e ESS testing of unirradiated fatigue life typically had minimum S, for 10° — 10° cycles of about 200
MPa’,

e Three-point bend tests on irradiated samples at 25°C had an average failure strength of 304 MPa?.

o Ultimate strength is typically ~500 MPa but varies with fabrication methods, and at least one test on
irradiated material failed at 60 MPa.

o ISIS has operated a target successfully with estimated stresses on the order of 200 MPa.
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Another consideration is the experience and limits set at the ISIS facility with tantalum-clad tungsten
targets, as summarized below [Wilcox 2017].

TS1 TS2 TS1 Upgrade Design Limit
Peak Temperature (deg C) 184 249 189 N/A
Peak Heat Flux (MW/m~n2) 1.98 2.43 2.02 3
Tungsten Stress [Beam Only] (MPa) 89 157 98 275
Tantalum Stress [Beam Only] (MPa) 114 a0 106 75
Tungsten Stress [HIP+Beam] (MPa) 207 191 165 275
Tantalum Stress [HIP+Beam] (MPa) 200* 200* 200* 75

MNotes:
* Tantalum will yield at 200MPa
* TS1 and TS1 upgrade were modelled with MCNPX+CFX+ANSYS, 200uA
* TS52 was modelled with FLUKA+CFX+ANSYS, 40pA
HIP pre-stress modelled assuming 500°C ‘lock-in’ temperature

The ESS project has been evaluating unclad helium-cooled tungsten. The limits it has set for tungsten are
100 MPa for mean stress and 50 MPa for alternating stress (Sa) [Habainy 2018].

The STS limit for peak stress will be 275 MPa based on the ISIS operating experience. The allowable
alternating stress limit has not been set. It will be between the 50 MPa limit ESS is using and the 200
MPa seen for failure in fatigue testing.

Baseline Abaqus Model

A quarter symmetry model was made, as shown in Figure 4.59, including the tungsten and 1 mm thick
tantalum clad. The overall width (x direction) at the front is 82.88 mm with a tungsten radius of 10 mm at
the top front edge and 4 mm at the rear top edge. The tungsten radial length on the axis is 250 mm. The
tantalum outside radius on the front center is 570 mm. The mesh is nominally 1.0 mm in the tungsten.
The tantalum mesh had two elements through the thickness for all regions. Linear hex elements were used
with a total of 529,815 elements in the model.

Ta and W Quarter Symmetry Part

Meshed Part

SN

Figure 4.59. Baseline quarter symmetry part model and Abaqus hex mesh.

The same part and mesh model were used for two types of analysis. First a coupled thermal-displacement
model with C3D8T elements was used to obtain the quasi-static temperature and stress distribution after
multiple pulses. The stress distribution from this model just before a pulse was then used as an initial
condition for a dynamic stress analysis with C3D8R elements for up to 310 ps.
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Multiple Pulse Coupled Temperature-displacement Model

The energy deposition profile for case 4 was assumed to be deposited over 103 seconds to give a heating
rate during a pulse. The Abaqus analysis used 30 steps to model 15 pulses. Heating was assumed for one
step over 10-3s with the next step lasting 1.399 seconds with no heating. This sequence was repeated 15
times. The initial part temperature was assumed to be 30°C. Water cooling was modeled with a surface
heat transfer coefficient of 8x10° W/m?-K on the top and front surfaces with a bulk fluid temperature of
30°C. The assumed heat transfer coefficient corresponds to about a 1.2 m/s flow velocity in a 2 mm flow
channel at r = 0.55 m and a total flow for all 21 segments of about 120 gpm. Figure 4.60 shows the
assumed heat transfer model. The flat rear outer tantalum surface was assumed to be restrained in the
axial direction for the thermal analysis. Displacement symmetry was assumed on the horizontal and
vertical midplanes.

4= Edit Interaction

Name: Int-1

Type: Surface film condition

Step:  Step-1 (Coupled temp-displacement)

Surface: Ta-1.Cooled k

Definition: Embedded Coefficient | f(x)

Film coefficient: 8000

Film coefficient amplitude: | (instantaneous)
Sink definition:

Sink temperature:

Sink amplitude:

Figure 4.60. Heat transfer coefficient on top and front surfaces.
Multiple Pulse Coupled Temperature-displacement Results—Unirradiated

The temperature distribution after 1 pulse is shown in Figure 4.61 and shows a 15.6°C rise above the
initial 30°C temperature.
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TEMP

(#g: 75%)
+4.569e+01
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+3.146e+01
+3.017e+01

¥ OCB: thermal_baseline_30step.odb  Abaqus/Standard 3DEXPERIENCE R2018x  Mon Dec 17 14:04:4% Eastern Standard Time 20
Step: Step-1
Z Increment  5: Step Time =  1.0000E-03
X Primary War: TEMP
Deformed Var: U Deformation Scale Factor: +0.000e+00

Figure 4.61. Temperature just after first pulse.

Figure 4.62 shows the temperature profiles just after the 15th pulse finishes.

TEMP
(Avg: 75%)
+1.168e+02

+4.332e+01
+3.665e+01

' ODB: thermal_baseline_30step.odb  Abaqus/Standard 3DEXPERIENCE R2018x  Mon Dec 17 14:04:49 Eastern Standard Time 20
Step: Step-29
Zincrement  5: Step Time =  1.0000E-03
Primary Var: TEMP
x Deformed Var: U Deformation Scale Factor: +0.000e+00

Figure 4.62. Temperature after 15th pulse with 116.8°C peak.

The temperature versus time for the element with the peak temperature after 15 pulses is shown in Figure
4.63, along with the steady state Abaqus temperature profile for the equivalent steady state heating
profile.

4-64



Target Systems

Temperature Peak [ element 299217)

Temperature (°C)
N
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- Peak Temperature element history for
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Figure 4.63. Peak temperature element time history for 15 pulses and steady state temperatures.

As shown in Figure 4.63, the temperatures are approaching quasi-steady-state but have not quite reached
it after 15 pulses. The peak water-cooled surface temperature is approximately 76°C and is on the front

face just after a pulse.

The von Mises stress distribution in the tungsten and the tantalum at 1.4 s after the 15th pulse is shown in

Figure 4.64.

Peak tungsten Stress 65.8 MPa

™
e U

thermal_baseline_30step.odb  Abagus/Standard SDEXPERIENCE R2018x Mo Dec 17 14:044: 49 Eastern Standard Time 20

Peak Tantalum Stress 26.6 MPa

Ostep.ods  Abaqus/Standard SDEXPERIENCE R2018x  Mon Dec 17 14:04: 49 Eastem Standerd Time 263

Figure 4.64. Tungsten and tantalum von Mises stress at 21 s just before the next pulse.

Dynamic Explicit Pulse Analysis

Input for the Model

An Abaqus dynamic explicit model was used with the same geometry and mesh as used for the coupled
temperature displacement model. The stress distribution at the end of the 15 pulse analysis at 21 seconds
just before the next pulse was input as an initial condition. Energy deposition was input as a linear
temperature rise distribution over 10~ s, and then the distribution was held constant. This produced the
initial pressure distribution. The peak temperature rise in the distribution was 15°C. The transient
response was calculated for up to 320 us. The input distribution is shown in Figure 4.65.
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Temperature rise at 0.5 pis
Peak 7.5 °C

Temperature rise at 1.0 ps
Peak 15 °C

ation Scale Factor: +2.5008+03

Figure 4.65. Imposed temperature distribution for dynamic analysis.

The pressure resulting from this profile alone and combined with the initial stress distribution is shown in

Figure 4.66.

Initial Pressure from Pulse heating
Peak 0.5 MPa at 1 ps

| Pressure distribution at 1 us
including initial condition stress
distribution

Peak 89 MPa at 1 us

Figure 4.66. Pressure distribution from pulse heating and with initial condition.

The dynamic response shows many different modes of vibration, with the location of the peak stress
varying between the front upper corner, along the axis, and other locations as a function of time. Figure
4.67 shows the von Mises stress and magnified displacements at 39 us and 59 ps. The scale peak is

121 MPa.

s /Expiot DEXPERIENCE R2018x  Wed Jan 02 15:26:32 Eastemn Standard Time 2

Figure 4.67. Dynamic response of target at 39 us and 59 us showing different peak stress locations.
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The peak stress in the tungsten and the tantalum occurred at 41 ms and is shown in Figure 4.68 for each.

| Ta max 54.5 MPa
W max 121.1 MPa :

Figure 4.68. Peak stress in the tungsten and tantalum between 0 and 320 ps.

To show the time dependence of the von Mises stress, three representative elements were selected as
shown in Figure 4.69.

Corner

Figure 4.69. Selected elements for dynamic response over 320 ps.

The von Mises stress for these elements for 320 ms is shown in Figure 4.70.

4-67



Target Systems

140

120

g

-]
=2

i

von Mises Stress (MPa)

3
=

20

Peak Stress
121 MPa

50

|'n|
|'

———

ﬂ V

150

——Corner ——Front

200 250 300 350

Time (10°° seconds)

Axis

Figure 4.70. Corner, front, and axis elements von Mises stress vs. time.

The corner element starts at 66 MPa, as shown in Figure 4.70 and has a peak of 121 MPa at 41 ps. The
highest alternating stress of 55 MPa is in the axis element at approximately 70 us. As discussed
previously, the effect of irradiation is to reduce the thermal conductivity and increase the stiffness. The
coupled temperature and displacement model was run with the conductivity decreased to 87 W/m-K and
then with both the conductivity decreased and the stiffness increased by 20%. The stress distributions for
these two cases were then used as the input conditions for two more dynamic stress calculations.

Figure 4.71 shows the results for the corner element for the unirradiated case, with just the conductivity
decreased, and with the conductivity decreased and the stiffness increased.

4-68



Target Systems

Stress in Corner element (483281)
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Figure 4.71. Corner element von Mises stress including irradiation effects.

The effect of the conductivity decrease is higher stresses. Increasing stiffness also decreases the time
between peaks. The overall peak stress is in the corner at 181 MPa. The results for the axis element are
shown in Figure 4.72. The peak alternating stress is 69 MPa.
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Stress in Axis element (299181)
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Figure 4.72. Axis element von Mises stress including irradiation effects.

The following is a summary of the results.

Location Material properties von Mises peak (MPa) Sa (MPa)
k (W/m-K) E (GPa)
Front 174.9 398 107 43
Top corner 174.9 398 121 31
AXis 174.9 398 112 55.5
Front 87 398 138 42
Top corner 87 398 151 31
AXis 87 398 132 59
Front 87 477 166 51
Top corner 87 477 181 375
AXis 87 477 157 69

The highest peak stress and alternating stress in the tantalum occur adjacent to the tungsten corner
element. Figure 4.73 shows the dynamic response for the most highly stressed element. The peak stress is
69 MPa and the peak alternating stress is 21 MPa. This is below the 75 MPa limit used by ISIS. It does
not include residual stress from the hot isostatic pressing process.
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Figure 4.73. Tantalum peak stress vs. time for irradiated tungsten properties.

Computational Fluid Dynamics Analysis

Computational fluid dynamics (CFD) analysis for the baseline design (Figure 4.56) was done using two
different codes, STARCCM+ and COMSOL. The inlet water velocity was 0.45 kg/s with an inlet
temperature of 33°C. The shroud is designed with a 4 mm flow gap at the rear, which tapers down to 2
mm at the front. The intent was to produce a more uniform velocity by compensating for the change in
width. The side surfaces of the tantalum are in contact with the stainless steel in this model, so there is no
water cooling on those surfaces. Cooling requirements and the cooling design for the sides will be
developed in preliminary design. The velocity distribution in the water channel from the STARCCM+
with a Realizable k-¢ model is shown in Figure 4.74.

Velocity: Magnitude (m/s)

Velocity: Magnitude (m/s)

-2.3 .2.3

1.8

Averaged velocity = 1.20 m/s

Averaged inlet velocity = 0.85 m/s

0.0 0.5 1.8 2.3

Velocity: Magnitude (m/s)
. 1.4
Averaged velocity = 1.29 m/s ~ _—— 00 == T

Figure 4.74. Velocity distribution within target segment water channel (STARCCM+: Realizable k-g ).
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The flow from the inlet on the back surface produces a distribution on the top surface with higher
velocities near the sides and a more uniform distribution on the bottom surface. The average velocity
around the segment is approximately 1.2 m/s. The pressure drop for the region shown is 7.8 kPa (1 psi).
The temperature distribution is shown in Figure 4.75.

Temperature (C)

92.9
]

STARCCM+: Realizable k-epsilon STARCCM+: Realizable k-epsilon

Surface temperature of Tantalum clad

Temperature (C) 41.8

-126. 70.6
107.

-59.5

48.4

.37.3

Figure 4.75. Temperature distribution within the tungsten and on the tantalum outer surface ( top view).

The peak tungsten temperature of 126°C and distribution are very similar to what was obtained in the
ABAQUS model. For that case, with an inlet temperature of 30°C, the steady state peak was 122.8°C.
The peak water-cooled surface temperature on the tantalum from the CFD STARCCM+ calculation was
83°C, which gives adequate margin to boiling for water at 2—3 bar pressure. The bulk water temperature

rise was approximately 8°C. A summary of the results with a comparison of STARCCM+ with COMSOL
is given in Table 4.9.

Table 4.9. CFD summary for STARCCM+ and COMSOL results

STARCCM+ COMSOL
Turbulence model Realizable k—g Realizable k-g
No. of mesh 3.0 million 3.0 million
Inlet temperature (C) 33 33
Mass flow ( kg/s) 0.45 0.45
Pressure drop (inlet—outlet) (kPa) 7.8 7.7
Maximum temperature inside tungsten (°C) 126 131.7
Maximum temperature on tungsten surface (°C) 92.9 97.9
Minimum temperature on tungsten surface (°C) 38.3 39.1
Maximum temperature on tantalum surface (°C)) 929 97.8
Minimum temperature on tantalum surface (°C) 37.3 35.7
Maximum water temperature (°C) 83.4 67.6
Outlet water temperature (°C) 40.94 41.27
Average velocity at top surface (m/s) 1.24 1.21
Average velocity at front surface (m/s) 1.20 1.17
Average velocity at bottom surface (m/s) 1.29 1.16
Average velocity at inlet (m/s) 0.85 0.86
Average velocity at outlet (m/s) 1.08 1.00
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The CFD results show that the conceptual cooling system design is acceptable, with modest temperature
rises, low pressure drop, and good margin to boiling. The results also show that the simplified heat
transfer model used in ABAQUS for the structural response gave very similar temperature profiles. Plans
are to add more cooling to the side walls during preliminary design, along with some modifications to
obtain a more uniform velocity distribution on the top surface. In addition, the simplified heat transfer
model will be modified to better incorporate the CFD results.

4.3.5 Target Development and Manufacturing

The overarching goal for design and development of the target assembly is that the lifetime be limited
only by radiation damage to the target shroud.

There are two development and manufacturing challenges that will be addressed during the project:

1. Canned vs. clad casing of the individual tungsten segments
2. Integration of the target drive system with the drive shaft and target disk

4.3.5.1 Canned vs. Clad Tungsten Target Casing

As discussed in Section 4.3.2, bare tungsten in a spallation field cannot be directly cooled by water
without experiencing corrosion. Therefore, the tungsten target block needs to be cased in another
material. Tantalum cladding has been used at Los Alamos National Laboratory and at the ISIS spallation
neutron source. As such, tantalum cladding is a primary alternative for STS.

STS will develop the tantalum cladding approach with a series of mockup and prototype target blocks.
These blocks will be leak tested and destructively tested to understand the quality of the tantalum-
tantalum and tantalum-tungsten bonds. STS needs this development work because the target blocks are
significantly larger than those used at the other facilities.

In addition to the tantalum clad option, STS will develop a canned target option. In this design, the
tungsten will be cased in a thin can, which would be made of stainless steel or zircaloy. The difference
between this approach and the tantalum clad approach, other than casing material, is that the can would
not be bonded to the tungsten. This eliminates this bi-metal interface from being a source of target
failure. In addition, the use of stainless steel or zircaloy would reduce the radionuclide inventory and
afterheat in the target. However, the lack of bonding increases the heat transfer resistance. Therefore, the
tungsten block will operate at higher temperatures. Therefore, development efforts will characterize the
contact heat transfer resistance between the can and the tungsten block.

4.3.5.2 Target Drive System Integration

A full-scale mock-up of the proposed target system is required to provide validation of manufacturability
and operability beyond the scope of engineering analysis. This test apparatus will be built and tested early
in the design process to provide time to incorporate results and observations into the final target system
design. The mock-up will include all key features of the proposed system, including a replica of the drive
and axle. The initial mock-up disk will have the same mass as the disk in the earlier mock-up. A fully
prototypical disk could be added when it becomes available. A water-cooling loop will operate at
representative temperatures and pressures. Like the earlier mock-up system, it will be subjected to a long-
term test run to verify reliability. The long-term testing program will also include a program of shutdowns
and restarts to confirm real-world operability. Stability of the disk and the functionality of the drive train
are known issues expected to be resolved with the mock-up.

4-73



Target Systems

Although the target theoretically requires a low-torque drive, momentum matching will be a significant
consideration because of the large rotational momentum of the target disk. Drive control, slack reduction,
anti-backlash capability, freewheeling, and radiation tolerance will also be considered in the overall
design. A drive specialist will be consulted to perform the necessary analysis.

44 MODERATOR REFLECTOR ASSEMBLY
4.4.1 Design Requirements

The MRA has been designed in conjunction with the STS instrument scientists and neutronics analysis
team. The physics defining the characteristics and configuration of the MRA is documented in

Section 4.1.6 (Physics Overview). Two coupled hydrogen moderators will be located at the peak neutron
production point of the target, as shown in Figures 4.76 and 4.77. Each moderator will contain 0.35 to

0.5 I of supercritical para-hydrogen nominally operating at a pressure of 15 bar and a temperature of 20 K.

Upper Cylindrical
Moderator

Rotating Target

Lower Tube
Moderator

Figure 4.76. Moderator configuration.

Alignment and
Handling Components
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Cooled Shielding

Edge Cooling
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Proton Beam Port

Structural Frame

Figure 4.77. Section view of MRA along vertical proton beam centerline.
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The upper moderator will be an 8.2 cm inner diameter cylindrical vessel viewed by 16 beamlines. The
bottom moderator will have a delta configuration of three 14-16 cm long tubes viewed by six beamlines.
Both moderators will be backed by reflectors of roughly 37 cm diameter. Beryllium was selected for the
reflectors based on neutronic performance, successful operation in numerous facilities, high radiation
tolerance, and good heat transfer characteristics.

The moderators will have a conventional cryogenic arrangement in which the hydrogen vessel will be
surrounded by a vacuum vessel, which will be surrounded by a water vessel. The light water will cool the
vacuum shell and act as a pre-moderator on all unviewed faces. A notable difference between the FTS and
STS moderators will be the absence of a helium blanket separating water from vacuum within the core
vessel. This layer is intended to provide a safe path for water leaks that might otherwise freeze and block
the hydrogen vessel leak detection path. However, testing by ESS demonstrated that helium penetrates ice
formations, thus enabling leak detection through the vacuum layer alone [Besler 2014].

Aluminum 6061-T6 will be used for the moderator vessels based on successful implementation at many
facilities (including FTS) and a proven tolerance for radiation. Neutronic analysis indicates that radiation
damage to the 6061 Al structure will occur at a rate of roughly 5.9 dpa/year, giving the moderators a
lifetime of 7.6 years based on a total radiation tolerance of 40 dpa. The moderator vessels, including the
surrounding vacuum vessel, will be designed and fabricated according to Section VIII of the ASME
BPVC although, depending on the requirements of the STS safety analysis, the vessels may not be code
stamped.

Each moderator will be served by an independent transfer line from the hydrogen utility room (HUR). To
maintain the cryogenic operating temperature in the lines, the supply and return tubes will be surrounded
by a vacuum pipe. The cryogenic hydrogen system, dedicated to the cold moderators, is defined in
Section 4.7.

Alignment of the moderators with respect to the neutron beamlines is critical to the physics performance
of STS. Specifically, the 3 cm tall neutron beamlines must have an unobstructed view of the hydrogen
vessels. Section 4.2 describes the overall alignment scheme for the target station, of which the MRA will
be an important part. The moderators are specified to have a vertical positional accuracy of £1.5 mm of
the ideal neutron beamline centers, accounting for manufacturing, assembly, and installation
misalignments. The tube moderators will be further constrained by a requirement to be axially oriented to
provide a full moderator face view to the neutron beam guide front opening.

STS does not have the capability to repair an MRA module; therefore, the modules are designed to be
replaced individually while the remaining passive shielding blocks above the module are reused (see
Section 4.5, Vessel Systems). Section 4.9, Remote Handling Systems, describes the replacement
operation using the standard STS remote handling techniques. Uniquely, the assembly must be moved
horizontally approximately 40 cm to clear the target disk and enable vertical removal.

4.4.2 Moderator Design and Manufacturing

MRAs are complicated by the need to combine many disparate manufacturing techniques in a single
assembly. The FTS moderators have proved to be particularly challenging because the overlapping, thin-
walled shells are difficult to inspect and must be welded together without damaging inner layers. The
small size of the moderators and the need for precise alignment has led to a design that mechanically
anchors the hydrogen moderator vessel inside the vacuum vessel. Consequently, manufacturing will be
further complicated by the need for installation of thermally insulting spacers during assembly welding.
Mechanically coupling the two vessels requires that the hydrogen supply piping include compliance for
thermal contraction. Selection of the insulting materials and the configuration of the spacers to minimize
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heat transfer will be part of the manufacturing development program. In addition, lessons learned in the
manufacturing of the FTS moderators are being applied to the design of the STS moderators to improve
manufacturability. The primary design goal is to minimize and simplify the number of welds.

The assembly of the cylindrical moderator is shown in Figure 4.78. The manufacturing will be based on
welding six machined aluminum forgings using four electron beam (EB) welds. The hydrogen vessel will
be fabricated from two aluminum forgings joined with a single circumferential weld. This will be a
relatively high-pressure (19 bar) vessel; therefore, it will be easy to fully inspect it using x-ray techniques.
The vacuum vessel, including the beam ports and part of the water vessel, will also be fabricated from
two aluminum forgings and a single EB weld. Ceramic spacers will be used to separate the vacuum vessel
(approximately 30°C) from the —253°C hydrogen vessel. The moderator will be completed by EB
welding the two water (premoderator) caps to the vacuum vessel. To the extent possible, ultrasonic,
radiograph, and visual inspection will be employed. Since the vessels have low cycle lives, pressure and
cold shock testing will also be used.

Figure 4.78. Manufacturing assembly of the STS cylindrical moderator.
The tube moderator will be more difficult to manufacture. An extensive development activity, similar to

that used for the FTS moderators, is planned. Currently, the proposed manufacturing procedure involves 7
machined forgings and 18 gas tungsten arc and EB welds. The assembly is shown in Figure 4.79.

H& &

Hydrogen Vessel Vacuum Vessel Water Vessel

Figure 4.79. Manufacturing assembly of STS tube moderator.
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Two independent multi-layer cryogenic lines will be used to circulate the cryogenic hydrogen between the
CMS located in the HUR and the moderators. The transfer lines are nominally 46 m long but are sized to
maintain a maximum pressure drop compatible with the hydrogen processing system. A helium heat
shield may be incorporated into the tube moderator lines to reduce heat transfer between the return and
supply lines. To eliminate the possibility of a bellows failure in an inaccessible area, Invar 36 will be used
in the fabrication of the hydrogen supply and return layers of the transfer lines to minimize thermal
stresses resulting from the cool-down contraction of hydrogen lines inside the warmer surrounding pipes.
Friction-welded joints will be used between the Invar and the aluminum moderator vessel.

4.4.3 Moderator Analysis

The moderators were analyzed using heating data p based on a 700 kW, 15 Hz proton beam. The nominal
20 K hydrogen supply was determined to be 0.35 I/s at 14.5 bar and the water was set at 0.5 I/s at 30°C.

A CFD analysis was used to determine the flow and thermal performance of the hydrogen and water flow
in both moderators. Figure 4.80 shows the hydrogen temperature pattern in the upper moderator assuming
an inlet temperature of 18 K. With a boiling point of approximately 33 K, the maximum hydrogen
temperature of 29.4 K ensures uniform, liquid density throughout the moderator, as required for optimal
neutron production. The same CFD analysis shows a maximum vessel temperature of 48°C, which is
significantly below the design limit of 120°C (Figure 4.81). The CFD analysis of the tube moderator
showed similarly conservative results.

Temperature (K)

-29. v

27.108

Figure 4.80. CFD analysis results showing the hydrogen temperature inside the cylindrical moderator.
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Temperature (K)

-321'25

316.99

Figure 4.81. CFD analysis results showing temperature distribution in cylindrical water/vacuum vessel.

A maximum allowable working pressure (MAWP) of 19 bar provides a 24% operational margin over the
15 bar operating pressure of the hydrogen vessels. Using this input, an ANSY'S finite element structural
analysis of the vessels showed that the stresses meet the design requirements of the ASME BPVC Section
VI, Div. 2 for 6061-T6 aluminum:

General membrane stresses below 81 MPa

General membrane plus bending stresses below 121 MPa
Localized stresses below 242 MPa

Weld zone stresses below 83 MPa

Figure 4.82 provides the result for the upper cylindrical moderator showing a maximum von Mises stress
of 113 MPa. Figure 4.83 shows a maximum von Mises stress of 120 MPa in the lower tube moderator.
Maximum displacement will be 0.5 mm in the cylinder and 0.4 mm in the tube moderator.
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Figure 4.83. Example of tube moderator von Mises stress contour plot (maximum stress 119 MPa).
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4.4.4 Reflector Design, Manufacturing, and Analysis

Neutronic analysis (see Section 4.1.6) was used to determine the sizes of the reflectors. The top reflector
will be 37 cm in diameter by 15.5 cm high. It will include four, 33° cut-outs for the neutron beams. The
bottom reflector will be 37 cm in diameter by 17 cm high with six conical cut-outs in line with the tube
moderators.

Beryllium has a high thermal conductivity (200 W/m-K) that enables the top and bottom reflectors to be
edge-cooled by heavy water—cooled aluminum plates. Currently, it is assumed the plates will be brazed to
the reflectors to provide ideal thermal contact. A program will be required to develop a reliable bonding
technique and quantify a realistic thermal contact resistance.

The aluminum plates will be manufactured in two layers approximately 20 mm thick with machined
water passages 10 mm tall. The 30°C cooling water will have a velocity of 3 m/s. The plates may need to
be segmented to reduce stress and assist with assembly. Beryllium is a hazardous material with a limited
number of qualified fabricators. STS will work directly with these vendors to develop a feasible design
and manufacturing schedule.

The reflectors were analyzed using thermal data provided by the neutronics analysis. Key inputs to the
analysis include the assumption that the aluminum-to-beryllium joint has no thermal contact resistance,
and the water convective heat transfer coefficient was ~12,600 W/m?-K based on a Dittus-Boelter
correlation.

Figure 4.84 is a thermal plot for the upper reflector showing a maximum temperature of 90°C. A similar
analysis of the lower reflector shows a maximum temperature of 70°C. These temperatures are well
below the 1287°C melting point of beryllium but must ultimately be considered in the thermal design of
the moderators. Figure 4.85 is an ANSYS stress plot for the lower reflector showing a maximum von
Muises stress of 104 MPa. The upper reflector has a calculated stress of 137 MPa. Both values are well
below the 2/3 yield allowable for 167 MPa based on a given maximum yield strength of 250 MPa.

e
e |
e

s

Figure 4.84. Temperature plot for upper reflector (maximum 30°C).

4-80



Target Systems

i

Figure 4.85. Von Mises stress plot for lower reflector (maximum: 233 MPa).
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445 MRA Assembly and Handling

The clearance between the rotating target disk and the moderators must account for a significant number
of factors, such as manufacturing tolerances, installation tolerances, and target and reflector thermal
expansion. Conservative estimates of the total required nominal clearances are for a minimum of 10 mm
between the top moderator and target disk and 12 mm below the disk.

Approximately, 70 kw of power will be removed from the MRA by several discrete water cooling
channels with a total flow rate of approximately 1.9 I/s. The intermediate and upper IRPs will be stainless
steel, as required for compatibly with the vessel environment. The complete MRA assembly will weigh
approximately 29 tons.

Only five or six MRAs will be required during the 40 year STS operating life. The STS mock-up facility
will provide on-site storage for replacements. The mock-up will also provide the capability for the
maintenance technicians to practice the relatively rare replacement operation.

4.4.6 MRA Alternative Configuration

An alternative MRA design configuration based on individual moderator replacement was considered.
The obvious advantage of this arrangement is that it would allow for the reuse of large portions of the
MRA, thus potentially saving fabrication cost and reducing waste. However, the special tooling required
to change the individual moderators with integrated piping inside the service cell would more than offset
those savings. As proposed, the unified MRA design is based on the same segmentation as the FTS
assembly, so established procedures can be used.

45 VESSEL SYSTEMS
Vessel systems include the core vessel and adjoining components as shown in Figure 4.86. The perimeter of

the vessel will be determined by the active, water cooling boundary. Neutron guide port extensions from the
perimeter to the outside of the monolith shielding (approximately 5 m) will provide access for beam guides
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provided by Instrument Systems. The vessel will extend to the top of the monolith to provide access for
vertical replacement of the active target system components (see Section 4.9). A stand under the vessel will
elevate the centerline approximately 2.7 m above the liner base plate to provide space for iron shielding to
protect the concrete foundation. Removable, passive shield blocks located above each of the remotely
replaceable proton beam line components will be included in the vessel system with which they share
primary interfaces. An HDC bunker, the target drive room, will enclose the region above the vessel to
supplement the monolith and process water shielding. The STS core vessel configuration and design are
based on the successful FTS vessel (Figure 4.87). Manufacturing tolerances, placement accuracy,
operational reliability, and maintenance interfaces are derived from experience with this assembly.

Core Vessel
Passive
Modular
Shielding
Neutron Beam
Gulde Extensions
(22 eq)

Figure 4.87. FTS core vessel assembly.
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4.5.1 Design Requirements

The vessel will include unique features that are not explicitly addressed by the ASME BPVC. Therefore,
in keeping with 10 CFR 851.45.4, “Worker Safety and Health Program-Direction to NNSA contractors-
Pressure Safety,” the vessel will be fabricated in accordance with the intent of the BPVC to ensure a level
of safety greater than or equal to the level of protection afforded by the ASME code.

45.1.1 Pressure Vessel Specifications

The STS core vessel will, to the extent possible, be designed, fabricated, and tested in accordance with
“Section VIII, Division 2, Design and Fabrication of Pressure Vessels” of the ASME BPVC. It will not be
code stamped.

Basic design specifications are as follows:

Design pressure range: Vacuum to 0.2 MPa

Cooling water pressure: 0.6 MPa

Design factor of safety: 3.5

Temperature: 20 to 50°C

Corrosion allowance: 0.5 mm

Load cycles: 2000

Factory leak rate at vacuum (without internal shielding): 1x107 torr-/s

The vessel and its support and anchorage shall be designed for seismic loads in accordance with the
International Building Code (IBC) [ICC n.d.]. The vessel and its support shall be designed for a
horizontal load using the load factors determined in accordance the STS Final Safety Analysis Report and
the requirements of DOE-STD-1020-2016, Natural Phenomena Hazards Analysis and Design Criteria
for DOE Facilities [DOE 2016].

4512 Nozzles

Nozzles will be provided for the following vessel ports (see Figure 4.88):

e Twenty-two neutron beam guide nozzle extensions axially aligned with the moderators. The nozzles
will be designed for installation of instrument-specific inserts (provided by Instrument Systems) after

the completion of the Target Systems installation.

¢ Numerous water-cooling ports will be located near the top of the vessel. The ports will be based on a
“spool” design with flanges designed for hands-on make-up inside and outside the vessel.

e Asingle port near the top of the vessel will provide a sealed pass-through for two, concentric pipe,
transfer lines that circulate supercritical hydrogen between the moderators and the pump module in
the HUR.

e The proton beam entry port will connect to the proton beam line with a remotely replaceable
connection.

e The lid will have ports for the vacuum pump-down, rupture disk vent, TVP, and target drive.

e Adrain port will be located at the low point in the bottom of the vessel
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e Ports near the top of the vessel will be provided for the helium supply, thermocouple conduits, drain
syphon, and other lines required for operational support.

TVP

Neutron Beam
(22 eq)

Target Drive

Vacuum

Vent

Process
Water

Cryogenic
Supply

Proton Beam

Drain

Figure 4.88. Select core vessel port locations.
45.1.3 Lifetime

The design lifetime of the vessel is 40 years. All components subject to radiation damage during the
lifetime of the vessel will be replaceable.

45.1.4 Base Stand

The vessel will be installed on a cylindrical stand mounted on a base plate included in the monolith liner
(see Section 4.6.3). It will be the interface between the monolith structure and the vessel. The stand will
include features such as jacking stops and fiducials to aid with alignment during field installation. The
elevation, level, and orientation of the vessel will be established by conventional grouting of the base
plate combined with shimming between the base stand and base plate. Anchoring of the base plate, base
stand, and vessel to the foundation structure shall be in accordance with seismic requirements.

4515 Passive Internal Shielding

The vessel assembly will include significant portions of the STS shielding system as described in

Section 4.6. Passive shield blocks located above each of the active modules will provide a majority of the
vertical target system shielding. The blocks will be designed to be temporarily removed during module
change-outs for reuse. The blocks will include handling features compatible with the STS remote
handling system. Shielding containers required for personnel protection when the blocks are removed will
be provided by Remote Handling (see Section 4.9).

45.1.6 Thermal Control

The vessel and interior shield assembly will be designed to contain over 99% of the total beam heating in
either the target or water-cooled shield blocks. The goal is to enable all the shielding outside the vessel to
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be passively cooled by natural convection and conduction. Air cooling paths through the shield stack and
between the vessel and passive shielding will discharge this heat to the target drive room and primary
containment environmental control system.

4.5.1.7 Atmospheric Control

Safety and operating requirements dictate a controlled atmosphere inside the vessel—ideally, pure helium
at a sub-atmospheric pressure, (FTS operates at about 650 torr) or a vacuum mode in the rough vacuum
regime. In certain circumstances, operation will continue with water leaks inside the vessel. Beam
interaction with the vapor and other in-leakage could result in the generation of acids; therefore, the
vessel and all exposed interior components will be fabricated from stainless steel.

45.1.8 Safety

Potential accidents, preventive features, and mitigation methods for the vessel system are identified by the
Preliminary Hazards Analysis Report. Loss-of-cooling accident events can result in target failure with
releases of water and hydrogen into the vessel. The inert helium or vacuum atmosphere is needed to
prevent a hydrogen fire or detonation within the vessel. A rupture disk venting to a hydrogen safe stack is
required to prevent vessel overpressures and failure of neutron beam windows. Ullage is required to limit
pressure rises resulting from a large water leak and to contain water leaks below the level of the neutron
beam ports. Seismic events beyond SDC-2 levels can be expected to cause the core vessel boundaries and
the hydrogen lines within the vessel to fail, with potential hydrogen detonation within the vessel.
Consequences will be limited by keeping the free volume adjacent to the target to a minimum, on the
order of 0.2 m®,

Personnel will be protected from radiation at 0.25 mrem/h outside the target drive room during beam-on
operation. During maintenance outages, personnel will be able to safely enter the target drive room and
perform maintenance on systems above the monolith shield.

45.1.9 Alignment Requirements

The core vessel will be the central target system alignment feature, as discussed in Section 4.2. Alignment
fiducials and other positioning features shall be provided for the PBW, TVP, MRA, and target, as well as
all accompanying shielding, piping, and sensors. These features will be particularly important because
these components will generally be installed without in situ adjustment. The final alignment of these
features relative to the ideal will be approximately as follows:

Radial: + 0.0002 radians (1.0 mm at 5 m)
Elevation: £ 0.5 mm

Axial center: £ 0.5 mm

Planner: = 0.0002 radians

452 Vessel Systems Design

45.2.1 Vessel Fabrication and Installation

Accurate alignment of the 22 neutron beam guide ports, the proton beam port, and 5 active target
components relative to the ideal target station center will be the primary vessel system design challenge.

The design addresses this issue at each phase of fabrication and installation to achieve the final alignment
specifications.
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Fabrication precision requires the core vessel be machined as a unit with a minimum number of set-ups.
The FTS experience demonstrated that this can be accomplish using a large multi-axis mill. Shipping and
on-site handling of the assembly has also been demonstrated with the similarly sized FTS vessel.

Installation will be performed early in the overall construction of the STS facility when the vessel will not
be enclosed. Even though survey and alignment personnel have the ability to locate the vessel accurately,
real-world limitations, such as weather and non-uniform solar heating, result in the following vessel
placement accuracies:

Radial: + 0.0004 radians (2.0 mm at 5 m)
Elevation: £ 2.0 mm

Axial center: + 2.0 mm

Planner: = 0.0004 radians

To achieve this positional accuracy, final alignment of component mounting positions will take place
after all the monolith shielding has been installed. This schedule will compensate for environmental
stability and foundation compression. With access to the vessel interior, survey and alignment personnel
will precisely locate each component guide and alignment feature (see Figure 4.89). Using this
information, corresponding module guides and fiducials will be fabricated and installed as needed. In
addition, thermal and dimensional deviations will be compensated for by locating the positioning
fiducials as close as practical to the proton beam line elevation.

Figure 4.89. Interior features of core vessel.
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45.2.2 Vessel Nozzles

There are two types of nozzles in the vessel: permanent and hands-on accessible. Permanent joints include
the bottom drain and possibly some lower vessel cooling pipe connections. More significantly, joints
between the vessel body and the neutron beam insert extension nozzles will be made during installation
and then covered with monolith shielding. The vessel environment extends to the end of the neutron beam
extensions because of the requirement that the beam guides, including the inner window, be replaceable.
Consequently, reliable leak tightness and the structural integrity of the joints will be critical. These will be
permanent bolted connections with double metal O-ring seals similar to those successfully employed in
FTS.

Hands-on accessible nozzles are identified in Figure 4.90. These connections are either located in the lid
with direct access inside the target drive room or under removable local shielding. Cooling water pipes
will be connected with double, metal O-ring flanges. The two hydrogen transfer lines will be constructed
of concentric tubes facilitating hydrogen supply, hydrogen return, the optional helium inert gas blanket,
and the associated insulation vacuum. The lines will be of all-welded design. The transfer line sections at
the top of the vessel will be cut and re-welded to facilitate removal and reinstallation of the MRA.

The rotating target will be supported on the lid of the vessel. Target stability will be ensured by the
rigidity of the vessel structure. Sealing the rotating target shaft feedthrough at the lid is a known
challenge. This issue is discussed in Section 4.5.5. The TVP also seals at the lid but requires only
conventional static seals.

Figure 4.90. View of hands-on accessible nozzles and ports with local shielding removed.
45.2.3 Atmospheric Control Features

Sub-atmospheric pressure will be maintained with an inductor or vacuum pump venting to the hot offgas
system. Because of the large number of surfaces and virtual leaks inside the vessel, it is assumed that
contamination and water vapor will accumulate inside the vessel during maintenance operations. The
dynamic rotating target axle seal is also a concern because of the limited maintenance access and material
limitations due to high levels of radiation. Experience at numerous neutron facilities, including FTS,
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shows that eventually internal water leaks will occur. A continuous flow of helium (less than 1 I/m) will
be used to sweep these impurities from the vessel. Large water leaks will require vacuum pumping and
possibly removal via the syphon or drain.

45.2.4 Thermal Control Features

Containment of beam heat inside the vessel will be achieved by establishing the actively cooled limit
outside the heat deposition zone at 0.001 W/cc. The thermal distribution results from the preliminary
neutronics analysis illustrated in Figure 4.91 show this boundary relative to the vessel perimeter. This
configuration results in an estimated 4000 W being deposited in the external, bulk shielding. Note that the
vessel has an actively cooled extended waist at the neutron beam nozzles to account for uncalculated
losses along the relatively open guides and in the downstream beam direction.

Internal water-cooling channels will be designed to ensure the vessel assembly is uniformly cooled to
limit temperature variations to no more than 30°C, thus eliminating thermal shifts that could reduce the
component alignment. Internal shielding heated at a rate greater than 0.001 W/cc will be independently
water cooled. Water-cooling pipes to these components will be welded below the level of the shielding.
Jumpers in the vessel space above the shielding will route the cooling water to the vessel ports.

0.001 W/cc -
Exterior
Vessel
0.01 W/cc bl

Heating inside rotating
target NOT valid

Figure 4.91. Nuclear heating (idealized) inside vessel interior at horizontal target center.
45.25 Safety Features

A safety relief device (rupture disk) will limit overpressures to 0.15 MPa. This pressure is lower than the
0.2 MPa design pressure for all other vessel components, specifically the neutron beam port windows.
The safety vent will be designed to discharge to a dedicated, nitrogen-purged stack that vents outside the
Target Building to minimize personnel exposure. The vent will be located at the top of the vessel in the
open space between the shielding and lid to ensure full flow venting and to prevent water intake. The disk
will be hands-on accessible to facilitate normal maintenance change-outs. The disk and vent size will be
based on the requirements determined by the facility safety analysis in the next phase of design.
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An ullage volume of approximately 0.75 m® will be located at the bottom of the vessel. An additional
0.25 m* will be provided by open volume below the neutron and proton beam ports for a total spill
accumulation volume of 1.0 m®. Accidental water releases, such as from a target shroud failure, can be
contained within the ullage space. The ullage would be drained to the shielded cooling water drain tanks
in the basement in a controlled manner. Backflow valves outside the vessel will prevent the decay and
gas-liquid separator tanks fills from flowing back into the vessel when pumps are not operating.

Radiation protection will be provided by three layers of shielding (Section 4.6). The monolith shield will
reduce the dose level from the neutron production zone to the target drive room to less than 10 rad/h
during beam-on operation. Process cooling water will be activated to up to approximately 1000 rad/h
(based on FTS measurements). To reduce background inside the target bunker during beam-on operation,
the piping will be routed in channels with steel shield covers or in the vessel lid, which is roughly 61 cm
thick. This will reduce the radiation background in the target drive room to less than 10 rad/h during
beam-on operation. The target drive room enclosure will have HDC walls and a removable roof sufficient
to reduce the personnel exposure radiation background outside the room to less than 0.25 mrem/h.

4.5.3 Interior Shield Assembly

Active components (PBW, TVP, target, and MRA) located inside the core vessel assembly will be
configured for vertical remote handling. In all cases, the components themselves will include the actively
cooled shielding associated with the component. The passive shielding blocks above the active
components will be temporarily removed to allow access to the components for replacement, and then
reused. The shield blocks will be solid steel and will be either solid stainless steel or stainless steel clad.
Each will include a lifting eye designed to mate with remote handling tools. The blocks will be designed
in conjunction with both the active components and vessel to incorporate pipe and conduit passages as
well as mounting features. As currently configured, the vessel shield assembly will include approximately
20 significant shield blocks plus several smaller filler pieces.

4.6 TARGET STATION SHIELDING

Bulk shielding between the target vessel and conventional facilities will be provided by Target Systems.
Included are the permanent iron shield surrounding the vessel and the steel liner between this shield and
the HDC monolith enclosure. Also included are the removable shield blocks above the vessel and process
water pipes (Figure 4.92). Although they are not included in Target Systems, the target drive room shield,
monolith enclosure, and monolith foundation are important shielding elements. Therefore, they are
included in the facility shielding analysis.
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Figure 4.92. Section view of target monolith showing reference radiation exposure zones.
4.6.1 Shielding Requirements

Specific zones in and around the target monolith have radiation dose level or heat removal requirements
as defined in Table 4.10.

Table 4.10. Target monolith radiation dose design criteria.

Location Design criteria
Beam-on requirements
Bulk shield interior <001 Wicc
Top of monolith shield 0.25 mrem/h
Personnel accessible high bay 0.25 mrem/h
Target drive room <10 rad/h
Bunker electronics room 1 n/cm?-s (~0.25 mrem/h)
Bottom of monolith shield <<0.001 W/cc
Beam-off requirements
Target drive room 0.25 mrem/h
Top of iron shield 1.0 mrem/h
Neutron beam guide bunkers 0.25 mrem/h
Bunker electronics room 0.25 mrem/h

4.6.1.1 Neutronics Analysis
A preliminary STS shielding analysis is presented in Section 4.1.6. The neutronic model shown in Figure

4.16 was analyzed using radiation transport simulated with MCNPX calculation, starting with the proton
beam. While the bulk shielding model has been simplified, the core target area is accurately modeled;
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thus, the analysis provides a reasonable basis for determining the amount of shielding required in specific
key areas of the current shielding configuration. The radiation dose maps resulting from the analysis are
shown in Figures 4.93 and 4.94. The bulk shielding is conservatively designed; therefore, it is assumed
that detailed neutronic shielding analyses performed in the preliminary design phase will not result in
increased shielding requirements.
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Figure 4.93. Vertical section of MCNPX model monolith showing calculated gamma radiation dose levels.
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Figure 4.94. Vertical section of MCNPX model monolith showing neutron radiation dose levels.
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Heating in the near-target area is a detailed output of the neutronics study used to determine the boundary
between the vessel and the inside of the bulk shield. This output is shown in Figure 4.95. Note that
heating shown in the target is not accurate since it was not modeled as rotating.
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Figure 4.95. Vertical section through monolith showing beam heating near the STS target.
4.6.1.2 FTS Comparison
The FTS monolith has an arrangement (Figure 4.96) that approximates STS and has been proved to

effectively shield radiation from the same source as STS. Thus, the real-world shield densities of FTS are
compared with those of the current STS design.
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Figure 4.96. Vertical section view of FTS bulk shielding arrangement.
4.6.2 Shielding Design

The STS bulk shielding design was evaluated by comparing the density along key vectors with the FTS
and neutronics densities (see Figure 4.97). Note that a minimum of 50 cm of HDC outside the iron shield
is required to remove certain iron-penetrating gammas in shielding personnel. Further, since this is a
conceptual design, the shielding design assumes additional material is required to account for unmodeled
gaps and calculation inaccuracies. The result of the density analysis will be combined with operational
and structural requirements to determine the overall size and configuration of the monolith and the
monolith bulk shield. The following subsections detail the analysis for each vector.
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Figure 4.97. Vertical section of STS monolith, transverse to proton beam, showing shielding analysis vectors.
4.6.2.1 Radial Shield Near Neutron Beam Guides

The guide bunkers are designed for high-energy radiation emanating from the neutron guides with direct
views of the moderators. Consequently, the bunkers have HDC walls and ceiling panels ranging in
thickness from 1.5 to 2 m.

The diameter of the bulk shield is determined by the circumferential space required for shutters in the
neutron beam guide bunkers. The combination of ~424 ¢cm of iron and ~100 cm of HDC will reduce
beam-on radiation doses to less than 0.25 mrem/h. This is significantly lower than is required for the
unoccupied bunkers.

The neutron guide inserts will include significant streaming paths interrupted with steps. Design
experience provides confidence that the current insert design will provide shielding comparable to the
neighboring bulk shielding. The beam-off dose in the bunkers will be shielded by the shutters, which are
sized based on FTS beam guide dose measurements.

4.6.2.2 Personnel-Accessible Portions of High Bay

As noted earlier, the circumference of the monolith is determined by the space requirements of the
neutron beam line shutters. For structural and vertical access to the bunkers, this perimeter is projected
vertically to also define the outside of the target drive room shielding. The outside of this shield will be
the nearest a person can regularly approach to the target during beam-on operation. Because of the
monolith configuration, the resulting shielding for this area will be roughly 40% greater than that required
to reduce the dose to 0.25 mrem/h.
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4.6.2.3 Lower, Vertical Bulk Shield

Preventing beam heating of the monolith foundation is required for the long-term stability of the target
system. The amount of bulk shielding used in FTS has proved to be adequate; therefore, the same amount
of shielding is proposed for STS (approximately 250 cm of iron).

4.6.2.4 Upper, Vertical Bulk Shield

Activated process water, pipe chases, and the requirements of the target drive room complicate the upper
shield configuration. The basic height of the bulk shielding is fixed by the high bay personnel access level
427 cm above the target center. The activated process piping must be locally shielded with removable
steel covers designed to reduce the drive room beam-on background to less than 10 rad/h. Based on the
FTS system, the covers are currently designed to be 61 cm thick. The drive room HDC shielding will be
designed to further reduce the dose level in the surrounding high bay for personnel access (0.25 mrem/h).
For the purpose of the analysis, the shielding above the target and moderators is assumed to have the
same density as the FTS vertical modules, to account for realistic vertical pipe chases and gaps between
the modular shield blocks. As currently configured, the upper, vertical STS shielding will be over 40%
greater than is required, and the drive room shielding thickness will be currently 250% thicker than in the
FTS.

4.6.2.5 Downstream Bulk Shield

The neutronics analysis indicates that the bunker electronics room located downstream of the monolith
will receive more radiation than is acceptable for reliable electronic performance or personnel entry
during beam-on operation. Additional shielding will be added as determined by the detailed preliminary
design phase neutronics analysis.

4.6.2.6 Bulk Shield Inner Configuration

Limiting bulk shield heating to less than the specified 0.001 W/cc defines the boundary between the core
vessel and the bulk shielding. In general, the vessel will be much larger than necessary as a result of
functional constraints. For example, vertical access extends the vessel beyond the heating zone. Similarly,
the neutron beam nozzles also extend beyond the heating zone to provide adequate circumferential
separation to attach the beam guide port extensions. Currently, the downstream area of the vessel has a
local extension to contain the beam heating to 2 m or 25 cm beyond the calculated requirement.

4.6.3 Monolith Liner Design

A welded metal assembly will be located between the STS bulk shielding and conventional facilities
monolith structure and foundation. The liner will have vertical sides and an open top to provide access for
installation of the bulk shield. The roughly 2.5 cm thick assembly must be watertight up to the top of the
iron bulk shield. It will be field assembled and structurally integrated with the monolith structure, serving
as a form for some portions of the concrete placement.

The base of the liner will be the structural interface between the concrete foundation and the lower bulk
shield assembly. Anchors to both sides of the base will be designed in accordance with the seismic criteria
established for the STS monolith. The base will also include a plate designed to precisely align the core
vessel relative to the ideal beam center during installation. This base will be sloped to a low-point drain
that will direct leaks or spills to the LLLW process in the HPVs.
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Openings for each of the 22 neutron beam lines and the proton beam will be integrated into the liner (see
Figure 4.98). The maintenance shutter housings (provided by Instrument Systems) will be installed during
the liner and concrete structure installation. These shutter housings will incorporate horizontal channels
that will extend to the liner and be seal-welded to it. When the monolith wall is poured, these channels
will provide openings through the shield wall into which beamline optical components can be inserted.
These openings will have enough clearance to allow for independent alignment of the neutron beam port
extensions that will be installed with the core vessel.

Cove Vessel
Menalith Liner

Bulk shield {Iron)

Vessel Port Extension

Shutter (closed
w/ beam-off

Monolith
Structure {HDC)

Figure 4.98. Neutron beam guide port interface with monolith liner.
4.7 CRYOGENIC MODERATOR SYSTEMS

The CMS will provide cryogenic hydrogen to the target moderators. Forced-flow circulation will be
required to maintain the temperature of the moderators at a nominal 20 K with a small temperature
variation (approximately 11 K) within the moderators. Based on the neutronics analysis of the STS
system, the moderators will experience less than 1 kW of nuclear heating. A refrigeration capacity of
approximately 2 kW will be installed to accommodate additional system heat leaks and provide adequate
capacity contingency. Ortho-to-para-hydrogen converters will provide a para-hydrogen concentration of
99%.

The CMS will be physically and functionally similar to the existing SNS FTS hydrogen system. This
system was fundamentally based upon designs successfully used for many years at other spallation
neutron sources, namely LANL’s Lujan Center and Rutherford Appleton’s ISIS. Consequently, key
components of that system will be used as the basis for the proposed STS system. While the STS heat
load will be less than 25% that of the FTS system, the new system includes more margin for future
upgrades and to reduce the hydrogen temperature variation from an average of approximately 3.3K to
15K.

The CMS will be located in the HUR outside the Target Building high bay. Two transfer lines will
connect the system to the moderators. The HUR has its own ventilation system, including redundant
active exhaust paths. The normal exhaust path and blower operate continuously during normal beamline
operation. The two emergency vent paths remain in standby for actuation on detection of excessive
hydrogen in the HUR. Loss of exhaust air flow will be indicated in the target control rooms. Hydrogen
gas vented from relief valves and rupture disks will be directed to an inert gas-filled emergency vent
stack.
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The CMS will consist of two primary subsystems: a hydrogen circulation system and a helium
refrigeration system. The helium refrigeration system will include a helium refrigerator, helium
compressors, oil removal systems, helium gas management system, helium buffer tank storage, helium
purifier, and associated interconnecting cryogenic piping. Both the hydrogen circulation system and
helium refrigeration system will be supported by insulation vacuum systems.

4.7.1 Hydrogen Circulation System

The hydrogen circulating system will be a forced-flow, closed-loop system filled from pressurized
cylinders of research-grade hydrogen. It will have two independent cryogenic loops, each containing a
circulator, an accumulator, a heat exchanger, and an ortho-para-hydrogen convertor. Figure 4.99
illustrates one of these loops.
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Module Ristans Module System
\ SRS A
2 e e s e e i . e Ll A S L
VWWW
Ortho-Para
Hydrogen
________ Converter NP}ara H2|
Circulator easumt
T [
Heat
Exchanger
Bellows | (] B
Accumulator —_—
He
Back
Pressure
=7}

( ' Moderator

Figure 4.99. Simplified hydrogen loop diagram for STS.

The cryogenic hydrogen equipment will be packaged in two units—the heat exchanger module and the
pump module (see Figure 4.100). The system also will include a hydrogen gas management system,
pressure safety relief system, and associated interconnecting cryogenic piping. Since hydrogen will be
maintained above the critical pressure at approximately 20 K, it is technically correct to refer to it as
“supercritical” rather than liquid hydrogen. The system will always operate in this condition to eliminate
phase change effects. The base pressure of the system will be maintained at 15 bar, providing a 1 bar
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margin above the critical pressure and a 4 bar margin below the MAWP of the moderator vessels. The
system will have a hydrogen inventory of approximately 5 Kg.

Figure 4.100. FTS cryogenic heat exchanger and pump modules.

The pump module and heat exchanger module vacuum systems will be separate from the vacuum for the
transfer line and moderator vessel. Thus, a hydrogen leak inside the pump or heat exchanger module
cannot flow through the vacuum layer down into the core vessel.

4.7.1.1 Heat Exchanger Module

The heat exchanger module will be a vacuum vessel housing two helium-to-hydrogen heat exchangers
and two ortho-para-hydrogen converters, along with flow control and isolation valves on the associated
helium piping. The heat exchanger module will also contain two para-hydrogen concentration
measurement instruments. The heat exchangers will be brazed plate-fin heat exchangers like those used at
FTS. Ortho-para-hydrogen converters will be vessels containing iron oxide. Increases in the hydrogen
system volume and pressure drop resulting from this component have been incorporated in the system
design. An in-line Raman spectroscopy probe is currently considered to be the primary ortho-para-
hydrogen diagnostic. However, a thermal conductivity probe is a potential alternative. The STS design
will benefit from ongoing development work included in the Proton Power Upgrade project.

4.7.1.2 Pump Module

The pump module will be a vacuum vessel containing two variable-speed circulators, two cryogenic
accumulators, and various flow, temperature, and pressure sensors.

The circulators will pump the supercritical hydrogen around the loop between the heat exchanger and the
moderator vessel. Cryogenic helium circulated through the heat exchanger will remove heat that the
cryogenic hydrogen absorbs from neutron heating as well as static heat loads from the related cryogenic
equipment.

The basic cryogenic circulator pumps will be like those that have operated reliably for over 10 years in

FTS (Figure 4.100). However, the lower STS flow rates may require some differences. The project will
work with the manufacturer to acquire the required configuration.
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The accumulators will accommodate volume changes resulting from operational swings in temperature
without the need to add hydrogen to or subtract it from the system. This will allow the system to passively
accommodate the pressure fluctuations that accompany beam power variations or beam-trip—induced
temperature transients. The hydrogen pressure control ranges are14-15 bar with the beam off and 15-16
bar with the beam on. The accumulator will work by balancing the hydrogen volume against a fixed
helium volume with a metal bellows. The STS accumulator will be based on the units used in the FTS
cryogenic system.

Metal bellows have historically been implemented in various systems as accumulators for not only
thermal expansion but also pulsation damping. Edge-welded bellows have enough convolutions to
theoretically have a virtually infinite cycle life because the bellows movement will be kept well within the
elastic range. The bellows assembly will be contained in a double-walled, stainless steel vessel. The
accumulator vessel will be surrounded by flowing hydrogen to ensure adequate cooling and isothermal
expansion and compression of the helium gas. The expansion bellows will be designed with additional
margin to provide enough stroke to accommodate pressure variations of 13 and 18 bar, thus addressing
both overheating and over cooling conditions.

Although not used in operation, the cryogenic accumulator will be equipped with a laser-based measuring
system to indicate the relative position of the bellows. The actual position of the bellows will not be used
for any control inputs, as the system will be completely passive. However, knowing the actual bellows
position and trending this data over time assists with monitoring the health of the system. In a constant-
mass system, the pressure cannot be maintained if inventory is lost. A decrease in the loop base pressure
would be the result of either a helium leak on the backside of the expansion bellows or a hydrogen leak.
Monitoring the bellows position, however, will make it very clear which system is leaking. A loss of
helium in the accumulator would result in bellows expansion and thus pressure decay at constant
temperature. A loss of hydrogen would result in bellows compression and thus pressure decay at constant
temperature.

4.7.1.3 Hydrogen Gas Management System

The hydrogen gas management system (see Figure 4.101) will consist of sensors and various remotely
actuated isolation and pressure regulating valves to control the warm gas distribution and venting
operations. To minimize the potential for hydrogen leaks, the system piping will generally be welded.
Mechanical couplings will be used only where necessary for operational or maintenance reasons (e.g., in
control valves). All interconnecting piping that contains the supercritical hydrogen will be vacuum
jacketed to maintain cryogenic temperature and to contain the hydrogen in the event of a leak. All
vacuum-jacketed piping will be evacuated with a portable dry vacuum pumping station and then sealed.
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Figure 4.101. FTS Hydrogen gas management system.

The pressure safety relief system will use spring-loaded relief valves and rupture discs welded into the
hydrogen fluid lines. Figure 4.102 illustrates the rupture disc assemblies welded into their associated
manifolds. The discharge from these rupture discs will be plumbed to a common manifold so the lost
hydrogen can be exhausted to the hydrogen safe vent stack.

Figure 4.102. FTS welded pressure relief rupture discs and manifold.

4.7.2  Helium Refrigerator System
The helium refrigeration system will provide active cryogenic cooling to the hydrogen circulation system

by directing a closed-loop stream of cryogenic helium gas to the helium-to-hydrogen heat exchangers in
the heat exchanger module described in Section 4.7.1.2.
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4.7.2.1 Helium Refrigerator

The primary component of the helium refrigeration system will be the helium refrigerator (see

Figure 4.103). The refrigerator will have a capacity of approximately 2 kW at 17 K to accommodate the
calculated 1 kW moderator heat load plus normal operating loads. The refrigerator will expand and cool
gas from the helium compressors to approximately 16 K. Discharged helium will be distributed to the two
helium-to-hydrogen heat exchangers, where heat from the moderators and hydrogen system equipment
will be absorbed. The returning gas stream will flow back through the low-pressure side of the
refrigerator to the suction side of the helium compressors.

Lessons learned in the design and operation of the FTS and new High Flux Isotope Reactor helium
systems will be incorporated into the STS helium refrigerator design. Liquid nitrogen precooling will not
be used, in order to reduce complexity and cost as well as improve reliability. A vertical heat exchanger
will be used, since this arrangement has proved to be more efficient and reliable because it reduces
maldistribution problems. Other features shown to improve reliability are a single expansion turbine,
redundant helium compressors and a full-flow helium purification system.
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Figure 4.103. FTS Helium refrigerator.
4.7.2.2 Helium Compressors

STS will employ three water-cooled screw compressors, each capable of providing 50% of the required
flow (see Figure 4.104). Each compressor will be skid-mounted with heat exchangers, relief valves, and
an integral bulk oil removal system. Normally, two of the three compressors will operate, with the third
compressor on standby. If a compressor fails and the beam trips off, the single operating compressor can
maintain a cold system under passive loads while the third compressor is brought online, minimizing
downtime.
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Figure 4.104. FTS helium compressor.

4.7.2.3 Helium Purification System

An oil removal system will maintain the purity of the helium gas by reducing the entrained oil to less than
5 ppb. The system will use a series of coalescing filtration units in line with a regenerable charcoal
absorber (see Figure 4.105). The helium refrigeration system will have two identical oil removal systems
for redundancy. In addition, a liquid nitrogen—cooled helium purifier sized at 150% of total compressor
capacity will be used to further improve helium purity (see Figure 4.106). The purifier will be capable of
accepting the entire gas flow from the compressors, and its associated piping will be designed to allow the
purifier to be isolated from the helium system while it is operating. A pyrolizing multi-component
impurity detection system will continuously monitor helium gas purity.
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Figure 4.106. FTS helium gas purifier.

4.7.2.4 Helium Gas Management System

The helium gas management system will continuously adjust the amount of helium gas in the system to
account for load changes by withdrawing or discharging gas to the helium buffer tanks. Thermal stability
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for the helium refrigeration system will be provided by an integral control heater capable of generating
control heat equivalent to the total moderator system load.

4.7.3 Vacuum System

A major key to reliable operation of the cryogenic system will be the ability to maintain a high-vacuum
envelope to provide effective thermal insulation around all parts of the system that contain cryogenic
hydrogen and helium. The capability to hold an ~20 K hydrogen temperature will be very sensitive to the
heat input and, therefore, to leakage of gases into the vacuum insulating layer. The vacuum utilities are
designed to provide pump-down to the required (~10°° torr) vacuum range. Engineered barriers with all-
welded connections will minimize the chance of leakage. Any significant leakage of hydrogen or helium
into the vacuum barrier would allow greater than normal heat transfer and cause the hydrogen
temperature to increase. If enough leakage should bring the vacuum into the range of 1072 torr or greater,
rapid temperature and pressure increases would occur, requiring venting to control the pressure. System
pressure will be controlled without operator intervention by the 18 bar spring-loaded relief valves and/or
the 19 bar rupture discs, which will discharge into the inert-gas-purged vent line.

The CMS evacuated volumes will be separated to reduce the impact of a single leak and the potential for
mixing of hydrogen. For example, the pump module and heat exchanger module vacuum systems will be
separate from the vacuum for the transfer line and moderator vessel. Thus, a hydrogen leak inside the
pump or heat exchanger module cannot flow through the vacuum layer down into the core vessel. In
addition, the system will be of fully welded construction with no active vacuum pumping. This will
enable pressure and temperature changes to act as a passive leak detection system.

48 TARGET TECHNICAL COMPONENT UTILITIES

The Target Systems technical component utilities scope includes three primary activated cooling-water
loops, an LLLW system, leak collection systems, and helium and nitrogen gas distribution systems.

4.8.1 Target Cooling Water Systems

There will be three primary activated cooling-water loops servicing target components—two light water
loops and one heavy water loop. Included in these systems will be components such as drain tanks, delay
and gas/liquid separator tanks, piping assemblies, pumps, control and on/off isolation valves, ion
exchangers, filters, gas analyzers, and samplers.

The conceptual design basis activated cooling-water heat loads are summarized in Table 4.11.

Table 4.11. Second Target Station design basis cooling water heat loads.

Design basis heat

Activated coolin Ultimate
water loop ’ Isczligfy}éz\ét\évr/ R B heat sink
Loop 1 479 H20 TW
Loop 2 30 D,O T™W
Loop 3 251 H20 TW

The design basis heat loads for the STS design are based on the preliminary neutronics analysis. Design
safety factors were applied to all the heat loads based on engineering judgment.
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4.8.1.1 Primary Cooling Water Loops

Figure 4.107 depicts a simplified block flow diagram, representing the primary components in the
activated target station primary cooling water loops. Features unigue to individual loops are highlighted in
the figure and are described in the following paragraphs.

Light water-cooling loop 1 will remove heat from the rotating tungsten target, the target axle, and the
aluminum PBW. Water in loop 1 will be significantly activated by the direct exposure to both the proton
beam and neutron radiation. Combining the target and PBW on the same loop serves a safety function
wherein a flow failure will result in a mechanical failure of the window, which ensures a proton beam
shutdown. This feature will act as a backup to the normal target protection system. Full-flow filtration
will be provided upstream of the delay tank for loop 1 to capture tungsten corrosion products that may be
released in the event of a target cladding failure. The dual delay/filtration functionality may be provided
in a set of parallel, combined delay/filter tanks. A means for early detection of a cladding failure will be
pursued (e.g., pressure differential across filters, gamma radiation) to minimize the potential spread of
activated particulates beyond the full flow filters. A bypass around the full-flow filters will be provided
for operational flexibility and may be used to avoid excessive backpressure on the target. Loop 1 water
flow will be maintained (with emergency power backup) for a to-be-determined time period to ensure the
target is protected from structural damage due to decay heat during maintenance periods.

Heavy water-cooling loop 2 will remove heat from the beryllium reflectors, aluminum shells, and inner
stainless-steel shielding. Water in loop 2 will be directly exposed to the proton beam and neutron
radiation and will be significantly activated. To minimize losses of heavy water to the hot-offgas system,
a gas recombination system will be employed in loop 2 to recombine the deuterium and oxygen for
recycling to the loop.

Light water-cooling loop 3 will remove heat from the shielding, vessel, plugs, PBW shield, periscope
mirror, pre-moderators, and neutron beamline monolith inserts. The loop 3 water will be primarily
exposed to a neutron radiation environment.
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Figure 4.107. Primary cooling loop block flow diagram.
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During normal operation of the water loops, water will circulate in a closed loop independent of the
storage/drain tank. It is expected that discharge to the drain tank will be performed only if required (e.g.,
in response to an abnormal occurrence or to facilitate maintenance on loop equipment). Each of the
primary target cooling water loops will reject heat to a secondary cooling water system. Delay tanks will
be employed in the return line of each activated water loop to facilitate localized decay of some of the
short-lived gamma and beta activity. The delay will also reduce the potential for neutron activation of
components located in areas to which access must be provided for maintenance. Localized shielding will
be provided as required to address the anticipated deposition of the longer-lived activation product
radionuclides such as "Be in system components (e.g., heat exchangers, ion exchange units, and filters).
Separation of gases generated in the water loops as a result of spallation and/or the radiolytic
decomposition of water will be achieved in a gas/liquid separation tank to be located at the high point in
the cooling loop. The radiolysis and activation gases will be vented to the hot offgas system provided as
part of the conventional facilities.

To minimize heavy water losses to the hot offgas system, a recombination system will be provided to
recombine the deuterium and oxygen formed by radiolysis in heavy water loop 2. An inert gas recycling
system will also be employed to further reduce losses to the stack. As in the FTS, gas will be vented from
the loop to maintain the loop pressure within an acceptable operating range. Recycling the purge gas has a
side benefit of reducing the total gas flow through the hot offgas decay tank, thereby increasing residence
time and lowering stack emissions. A bypass of the recombination system will be provided for
operational flexibility (e.g., if the recombination effectiveness is compromised) and reliability, allowing
direct venting of the loop 2 offgas to the hot offgas system. Refer to the Conventional Facilities

Section 8.3.1 for details on the hot offgas decay system.

Components successfully used in the FTS water loops will be considered for applicability in the STS to
reduce the spare parts inventory and required maintenance diversity (e.g., ion exchange columns, filters,
valves, pumps, instruments).

4.8.1.2 Secondary Cooling Water Loops

Primary cooling loops 1, 2, and 3 will reject heat to a secondary 87°F deionized (DI) water cooling loop,
which in turn will reject heat to the 82°F tower water system. If neutronics calculations indicate a
significant benefit can be realized, the water flow to the pre-moderators may be further cooled using a
chilled 70°F DI water flow to a water-water heat exchanger. The 70°F DI water will in turn reject heat to
the 45°F chilled water system. These secondary loops will be provided by Conventional Facilities.

4.8.2 Target Utility System Layout

The primary cooling loop pumps, drain tanks, polishing loops, and valve manifolds will be in the shielded
HPV in the basement of the Target Building as shown in Figure 4.108.

Drain tanks will be provided in pits in the Target Building basement to facilitate draining of the
corresponding water loops for technical component removal or maintenance. The mezzanine levels in the
HPV will house the loop 2 recombination system and the hot offgas condensers for all three loops as
shown in Figure 4.1009.
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Figure 4.108. Utility systems in the hot process vault in the Target Building basement.
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Figure 4.109. Mezzanine levels of the hot process vault.
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The filter/delay tank and gas/liquid separator tank cavities will be in the high bay adjacent to the top of
the shield stack as shown in Figure 4.110.

f’l" u't' R 5 ol
Figure 4.110. Filter/delay and gas/liquid separator tank cavities in the Target Building high bay.

Prefabricated vertical pipe chases will be provided to accommodate the routing of utilities from the HPV
basement to the tank cavities located in the high bay, with service to the mezzanine levels as required.
Horizontal pipe chases will be required to route piping between the mezzanine levels and the monolith
bunkers, between the tank cavities, and to/from the top of the shield stack and vessel. Because of the high
levels of short-lived radioisotopes in the water, the return cooling water lines and delay tanks require
approximately 1.25 m of HDC shielding.

4.8.3 Low-Level Liquid Waste System

An LLLW system will be provided to facilitate the collection and disposition of the waste water from the
light water loops. A simplified block flow diagram representing the primary components in the LLLW
system is depicted in Figure 4.111.
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Figure 4.111. Low-level liquid waste block flow diagram.
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The LLLW collection system will consist of two collection tanks, pumps, a sampler system, an evaporator
feed tank, an evaporator, a condenser, and a condensate tank. A bypass cleanup system will also be
provided with filtration and ion exchange columns to facilitate the removal of particulate and ions from
water collected.

The LLLW system components will be located in the Target Building HPV on both the basement and
mezzanine levels. For disposition of evaporated water vapor, the plan is to discharge offgas from the
evaporator into the secondary confinement exhaust system. This would be done at a location that would
ensure the secondary confinement exhaust system flow would be sufficient to carry the water vapor out
without its condensing in the exhaust line to the stack.

The LLLW system flowsheet development will be based on the activation in the water and the anticipated
source terms associated with recovering from a target cladding failure that results in water corrosion of
the tungsten target material.

4.8.4 Leak Collection Systems

The leak collection systems provided in STS will allow for the detection and recovery of heavy or light
water leaks in the various regions through which the water lines are routed, or where components
containing residual water may be handled.

4.8.4.1 Core Vessel Drain Leak Collection System

The core vessel drain leak collection system will interface with the double-walled drain line provided by
the core vessel WBS 5.6 and will collect any water that leaks into the core vessel from any of the three
water loops for detection and disposition. The system will be housed in the HPV and will consist of a
collection tank, a level indication instrument, a sampler, and a transfer pump system. The system will also
interface with the hot offgas, nitrogen, LLW, and process waste systems.

4.8.4.2 Bulk Shielding Drain Collection System

The bulk shielding drain leak collection system will interface with the double-walled bulk shielding drain
line provided by WBS 5.7. It will collect any water that leaks from water lines outside the core vessel into
the bulk shielding from any of the three water loops for detection and disposition. Leaks may be at the top
of the shield stack or in the bunker area outside the collection pan. The system will be housed in the HPV
and will consist of a collection tank, a level indication device, a sampler, and a transfer pump system. The
system will also interface with the hot offgas, nitrogen, LLW, and process waste systems.

4.8.4.3 Hot Process Vault Tank Pit Collection System

The leak collection system in the HPV will collect any water leaking from piping, from flanged joints in
the HPV, or in the vertical chases that collects in any of the tank pits in the HPV floor. The system will
consist of multiple-level detection instruments, suction lines down to the pits from the main floor level,
and a transfer pump system that allows recovery, sampling, and recycling either to the appropriate water
loop drain tank, the LLLW, or process waste system.

4.8.4.4 Mezzanine and Tank Cavity Leak Collection System

The mezzanine and tank cavity leak collection system will collect any water that leaks into the following
areas for detection and disposition.
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e Gags/liquid separator (GLS) tank cavity catch pan: This pan will collect leaks into the pipe pan
between the delay tank cavity and the core vessel, which will leak back to the lined delay tank cavity,
any leaks in the delay tank cavity that will drain back to the lined GLS cavity, and any leaks directly
into the GLS cavity.

e Bunker catch pan: Leaks into the bunker catch pan will be detected in the monolith or on the
corresponding mezzanine level to which the bunker pan drains. They will be collected and routed to
the HPV basement via the vertical chases that pass through the mezzanine levels.

e Mezzanine-level catch pans: Any water that leaks from the water loop hot offgas condensers, chilled
water to the condensers, waste water in the LLLW system, or recombined heavy water from the
recombination system will be collected in a manifolded and monitored drain line collection system in
the HPV.

The system will consist of multiple level detection instruments, a sampling system, a gravity drain
system, and a collection tank and a transfer pump system that allows for recovery, sampling, and
recycling either to the appropriate water loop drain tank, to the LLLW, or to process waste.

4.8.45 Service Bay Leak Collection System

The service bay leak collection system will interface with the service bay pit liner provided by
Conventional Facilities and will collect any water that leaks into the service bay pit during handing of
target components that may contain water. The system may be housed in the service bay and will consist
of a level indication instrument and a transfer pump system. The system will interface with the hot offgas,
nitrogen, LLW, and process waste systems.

4.8.5 Helium/Nitrogen Gas Distribution Systems
Helium and nitrogen gas will be supplied to STS by Conventional Facilities.

The core vessel will normally operate at a slightly sub-atmospheric pressure using a core vessel helium
inerting system. Alternatively, the core vessel may be operated with a vacuum atmosphere to limit
interference with neutron beams while providing a limited ability to eliminate or remove harmful gases or
liquids that can be generated by small water leaks. If the normal operating mode is the helium mode, a
helium recycling system may be considered.

4.8.5.1 Helium Distribution

Helium gas will be supplied to STS by Conventional Facilities. Conventional Facilities will provide the
regulation/metering and the main helium gas supply line into the Target Building and the main
distribution headers within the Target Building. The gaseous helium supply from the tube trailers will
have a minimum purity of 99.995%.

Distribution in Target Building

Target utility systems will distribute the helium from the target basement gas panels to various end users

within the Target Building, e.g., the core vessel, inflatable seal(s), and monolith inserts, and to water
loops as a backup to the nitrogen used for atmospheric purging of flammable constituents.
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4.8.5.2 Core Vessel Inerting System

The normal operating environment of the core vessel will range from full vacuum (~10~3 torr) to a helium
environment at slightly below atmospheric pressure (approximately —30 in. water gauge). The core vessel
inerting system will consist of a regulated helium supply and an air ejector controlled to maintain a slight
vacuum within the core vessel during the helium mode of operation. If the primary operating mode is the
helium mode, a helium recycling system may be considered.

The core vessel vacuum pumps (provided by a separate target vacuum WBS) will be used before
transitioning to the helium mode of operation to remove air and to make a general assessment of seal
integrity.

The exhaust from the vacuum pumps and the ejector will be routed to the secondary confinement exhaust
system provided by Conventional Facilities.

A residual gas analyzer (provided by a separate target vacuum WBS) will be provided in the core vessel
vent line to monitor the composition of the gas leaving the core vessel in either vacuum or helium mode.
If water is detected in the core vessel, the core vessel will be isolated and, in some cases, the vessel offgas
will be redirected to the hydrogen safe vent stack. A rupture disk will also be provided on the core vessel
by to protect the vessel against overpressurization.

4.8.5.3 Nitrogen Distribution

Nitrogen gas will be supplied to STS by Conventional Facilities. Conventional Facilities will provide the
liquid nitrogen tank and regulation, vaporizer, vacuum-jacketed supply lines, gas flowmeter, main supply
lines, and main distribution headers within the Target Building. The gaseous nitrogen supply from the
liquid nitrogen storage tank and vaporizer will have a minimum purity of 99.998%. The capability to refill
liquid dewars at an outdoor refill station adjacent to the liquid nitrogen storage tank also will also be
provided by Conventional Facilities.

Target utility systems will distribute the nitrogen to various target group end-users within the Target
Building (e.g., gas/liquid separation tanks). Nitrogen will be used as a purge and cover gas in areas
exposed to high-energy radiation to minimize the production of activated and corrosive gases and to
prevent flammable gas mixtures from reaching the lower explosive limit concentration. Nitrogen will also
be used to purge and backfill process systems before the cooling water loops are drained and filled with
water, purge trapped volumes of cooling water from target components, and purge hydrogen safe vent
stacks to minimize the potential for air ingress.

4.9 REMOTE HANDLING SYSTEMS

Operation of STS will require periodic maintenance or replacement of many components by remote
handling as a result of activation and other radiological hazards. These remote handling operations
include the replacement of activated components due to nominal end of life, installation of new
components in radiologically hazardous areas, and the disposal of spent components as waste following
replacement. Disposal of activated components as waste will use a shielded service cell to aid in size
reduction and packaging of waste items and to provide infrastructure to perform post-irradiation
examination. One aspect of the preparation for these activities includes full-scale mock-up testing
activities. The scope of work for these activities is delineated as follows:

e Service Cell Systems
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0 This work package consists of the processes and remote handling tooling required to support all
service cell operations

o Component Replacement Systems
o This work package consists of the processes and remote handling tooling required to support all
planned component remote replacement operations

e Waste Disposal Systems
0 This work package consists of the processes and remote handling tooling required to support all
component waste disposal operations

e Mock-up Facility
o0 This work package consists of the infrastructure and tooling required to enable a variety of full-
scale mock-up testing activities.

The following sections examine each of these WBS elements in further detail.
4.9.1 Service Cell Systems

A shielded “service cell” has been introduced into the STS Conceptual Design. All of the tooling and
infrastructure associated with the service cell is included in WBS S.3.10.1. The primary reasons for
inclusion of this feature were to enable size reduction and/or packaging of activated components in
support of waste disposal operations and to provide the means to perform critical post-irradiation
examination. A shielded service cell resolves challenging process and tooling issues associated with these
activities.

Disposal of highly-activated components as waste will be accomplished via remote handling. The basic
elements of the disposal process involve transfer of the waste item from a cask design for remote handling
operations into a cask suitable for transport. This simple process will be complicated by the need to
control the radiological hazards inherent in the handling operation and the need to conform to existing
shipping cask capabilities. Often, conforming to the size and capacity requirements for existing casks will
require some amount of size reduction. A service cell not only provides a means to control the
radiological hazards but provides flexibility in the processes and tooling needed to perform this size
reduction. Additionally, most highly activated waste must be handled remotely at the disposal site. This
handling requirement drives the need for an interface compatible with the infrastructure at the disposal
site. The SNS FTS routinely ships waste of this description in shipping casks that use an internal liner to
provide this handling interface. The service cell will provide the means to load the waste item into the
liner for subsequent loading into the disposal cask. These operations would be difficult and hazardous
outside a cell environment.

For STS, it is envisioned that the disposal of the target wheel, the MRA, and the PBW, as a minimum,
will use the service cell for disposal. Specifically, the cell will provide the means to transfer these items
from the remote handling cask to the disposal cask. To inform the conceptual design of the service cell
and its needed infrastructure, the following process was used:

Define the handling requirements to be accommodated in the cell

Develop a basic process that meets these handling requirements

Determine the cell interfaces and features needed to support this basic process

Develop floor space requirements needed to accommaodate these interfaces and features

N S
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The basic process of target handling in the cell was viewed as the primary driver for cell design and was
used to define the parameters and requirements. This process follows the process used successfully for
more than 23 shipments from the FTS. The basic process is as follows:

Mate the target cask to the top loading port (TLP)

Lower the target assembly into the cell

Separate the target shaft from the wheel

Withdraw the shaft back up into the target cask

Load the target disposal liner in the cell via the TLP

Load the target wheel into the liner

Mate the disposal cask to the bottom loading port (BLP)

Load the target wheel liner into the disposal cask

De-mate the disposal cask and load onto transport truck for disposal

CoNoo~wWNE

From this process, the following cell interfaces and features were identified to support the process:

e TLP to transfer items from high bay into the cell

e BLP to transfer items from the cell to a mated transport cask

o Personnel access/equipment loading door

o In-cell crane to enable movement of items within the cell

¢ Crane maintenance alcove to enable shielded access to the crane

e Activated component storage pit(s) to enable shielded storage of components

e Two window workstations to support size reduction/post-irradiation examination activities
e Primary confinement exhaust/LLLW infrastructure

e Camera/lighting system

Given the basic process and the interfaces and features needed to support the process, floor space
requirements were used to develop the necessary operational footprints and tooling logistics. These
footprints are

e TLP lay-down space

e Target wheel storage pit space

o MRA/PBW storage pit space

e Liner loading/ post-irradiation examination work area
e BLP space

e BLP plug laydown area/equipment access area

The conceptual layout derived from this process is shown in Figure 4.112. Given the conceptual layout

and an estimation on the floor space requirements associated with these features, a dimensional layout can
be created. This dimensional layout is shown in Figure 4.113.
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Figure 4.112. Conceptual service cell layout.

1 m thick ‘
3m shield wall Optional area if Shield _Wal\s are all
third WWS in 1 m thick 3.7 m min
utilized i
1 E
E——
¥
Crane cell 1.8 m DIA 4.25 m*
— } 1
]
Manipulator Gallery 3.7 m min
4m Required for
12.2 m* manipulator
= maintenance

* The nominal 12.2 m X 4.25 m footprint matches the FTS Service Bay Maintenance Bay

Figure 4.113. Service cell dimensional layout.

To support the handling operations anticipated, it is assumed that each window workstation will build off
the experience gained in the operation of the FTS service bay and include two CRL Model F master-slave
manipulators, along with the services needed to operate electric and pneumatic tools. Each window
workstation will also include monitors with the requisite controls to use the in-cell cameras to support
remote activities.

Finally, to support this basic process and other in-cell activities, a bridge crane with a capacity of at least
7.5 tons will be included. The in-cell crane will be used to move activated components, lift and move the
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BLP shielded plug, and perform general crane operations. Based on estimated sizes of support stands,
lifting fixtures, the clearances required for handling, and the items to be handled, a crane hook height
requirement of 4.2 m has been defined.

The FTS service bay uses a complex dual-arm master slave servomanipulator to support all operations
from target replacements to maintenance of in-cell equipment like lights and cameras. The FTS
servomanipulator will be required as a result of the radiological hazards associated with the mercury
process system. These unique hazards of the FTS cell will not be present in STS, so the need for a
servomanipulator will be greatly reduced. The assumption for STS cell operations is that personnel access
will be possible. Personnel access will be required to support and maintain in-cell infrastructure and to aid
in the setup and configuration of tooling and equipment. As a result of this need for personnel access,
contingency operations and recovery scenarios are being carefully considered.

4.9.2 Component Replacement Systems

Several STS components will require periodic replacement via remote handling. All tooling and
infrastructure used to support these remote component replacements is included in WBS S.3.10.2. These
components can be grouped into two subsets:

e Core Vessel Components
0 Target assembly
o MRA
o PBW
0 Beam imaging system

e High Bay Components
0 Monolith inserts
o0 Primary cooling loop filters
o Harp

The core vessel components are integral to the vessel and will require removal of the vessel lid(s) and
specialized casks and tooling to enable replacement. Each of these components must be removed and
reinstalled vertically. This constraint drives the remote handling operations and the tooling design to
support these operations. The primary cooling loop filters and harp are located outside the core vessel but
will require replacement by remote handling because of the anticipated dose rates; however, their
replacement process will be similar in philosophy to that for the core vessel components. Each of the
twenty monolith inserts will be installed during construction; but there will be a need to replace the
optical guide modules integral to the monolith inserts as the facility matures, so remote handling
processes and tooling will be required to support these replacements.

The core vessel component remote handling philosophy is informed by the expected replacement
intervals. Neutronics analyses have been performed to estimate the radiation damage—driven replacement
intervals for the target, PBW, and MRA. Note that other off normal factors such as leakage or corrosion
may shorten the lifetimes of components and increase replacement frequency. The radiation damage
based replacement intervals and expected replacement shutdown durations are as follows:

e Target: 27 years between replacements, 5-6 month shutdown to replace
o PBW: 3.2 years between replacements, 1-2 week shutdown to replace
e MRA: 7.6 years between replacements, 4 month shutdown to replace
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Replacement of the PBW is anticipated to occur most often, indicating that the remote handling activities
associated with this replacement should be possible with limited impact to other core vessel components.
Additionally, the target will have a long lifetime. Therefore, replacement of the other core vessel
components should have minimal impact on the target, if possible.

Trade studies have been performed to evaluate the various options for core vessel component
replacement. Because of the design of the MRA, with the top and bottom moderators encasing and
capturing the target wheel, horizontal translation of components will be required to enable clearance for
the vertical travel needed to remove components from the vessel. These trade studies evaluated several
replacement scenarios to converge on the most efficient philosophy. The result of this study was a remote
handling philosophy that involves translation of the MRA.

To further develop the conceptual design solutions for replacement of the core vessel components, the
following process was employed:

1. Define the unique requirements associated with the replacement of each specific core vessel
component.

2. Develop a conceptual outline procedure for the replacement of each component.

3. Develop conceptual designs for shielding, casks, adapters, and other tooling as needed to fully
support the outline procedure.

Replacement of the MRA was viewed as the most complex of the core vessel remote operations because
of the translation requirement. As a result, a detailed conceptual solution was developed to ensure a
workable solution for this operation. The basic steps of the MRA replacement process are as follows:

Remove monolith T-beams

Access monolith and disconnect periscope and MRA utilities (hands-on)
Remove upstream core vessel lid

Remove periscope assembly (optical equipment and shielding)

Remove upper MRA shield block

Remove the lower MRA shield block

Remove the preload that maintains the MRA in the installed “operational” position
Install the MRA drive tool and translate MRA upstream

Perform MRA pipe cutting

10. Install MRA cask over cavity

11. Remove the MRA

12. Install new MRA

13. Install the MRA drive tool and translate MRA into operational position
14. Preload MRA into alignment features

15. Install lower MRA shield block

16. Install upper MRA shield block

17. Install periscope assembly

18. Connect utilities, and so on

19. Install upstream core vessel lid and T-beams

CoOoNOR~wWNE

The following tooling and casks are required to support the above operations:

e Shielded adapter plate
o Lower MRA shield block cask
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e Pipe cutting tools
¢ MRA Translation tool
¢ MRA cask

This replacement process leverages the process and tooling concepts currently used in FTS operations.
Following removal of the beam imaging system, a shielded adapter plate will be installed over the core
vessel. This shielded adapter plate will align to the top flange of the core vessel at installation and will
provide a stable platform for remote handling operations, technician shielding, and cask alignment for
shield block/MRA removal operations. It is anticipated that the upper MRA shield block will be
removable without the need for a dedicated cask. This philosophy of not using a cask unless required
because of the radiological conditions is employed in FTS operations to mitigate operational risk. Figure
4.114 shows the removal of an upper PBW shield block during the FTS replacement operation.

Similar Shield Block removal operation in FTS

Figure 4.114. First Target Station shield block removal.

It is anticipated that the lower MRS shield block will require the use of a shielded cask. Using the
alignment features of the shielded adapter plate, the cask for this block will be installed into position over
the core vessel. The alignment features will position the cask to enable vertical crane movement to pull
the shield block directly into the cask using a hook extender. The Ziplift grapple fixture will be used
extensively in these operations. The Ziplift is a remotely-actuated grapple fixture that can engage and
disengage a load with pure vertical movement—no translation is needed. The lifting interface on the
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shield block to accommodate the Ziplift is a 1-8 UNC threaded stud. The shielded cask to be used for the
lower block removal will also borrow from the designs employed in FTS. These casks consist of a base
plate and removal shielded cask body. The cask assembly will be positioned near the monolith, where the
cask body will be unbolted from the base plate and set in position on the shielded adapter plate. The cask
body and shielded adapter plate will contain alignment features to ensure the cask body (and lifting
interface opening) is positioned directly over the Ziplift stud on the shield block. Once the cask body is in
place, the Ziplift (on the end of a hook extender) will be lowered through the opening in the cask body
down to the block, where it will engage the Ziplift stud. The shield block will be then raised up and into
the cask body. At this point in the operation, pins will be inserted into the cask body to retain the shield
block. The Ziplift will be disengaged and withdrawn from the cask. Standard rigging will then be used to
transfer the cask body/lower shield block back onto the base plate, where the cask body will be re-
attached via bolts. The entire shielded cask assembly with the shield block can then be transferred to a
storage location.

To optimize the size of the MRA cask, all piping will be cut and removed from the MRA itself before it is
installed in its cask. This cutting operation will be performed before translation of the MRA. Cutting of
the piping will be accomplished using long-handled hydraulic cutting tools. These tools have been
developed and used extensively for FTS component replacement operations. Several tools are currently
used that cover a wide range of cutting requirements, from thermocouple wires and fiber optic cable to
multi-layer hydrogen transfer lines. These same tools will be adapted to the specific requirements of the
STS applications.

Following the cutting and removal of the piping, the MRA will be ready to be translated into the
“maintenance” position for removal. This translation will be required to enable the MRA to clear the
target wheel before vertical movement out of the core vessel. The translation process itself will consist of

Removal of the preload that maintains the MRA in its alignment features
Installation of the MRA translation tool

Translation of the MRA from the operational to maintenance position
Removal of the MRA translation tool

pPoONME

The MRA will be aligned with the core vessel using a pair of kinematic alignment features. When in the
operational position, the MRA will be preloaded into these features to ensure the moderators in the MRA
remain properly positioned relative to the target wheel and beam ports. The MRA translation will be
enabled by three ball transfer rollers integrated into the upper portion of the assembly. These rollers will
allow the MRA to translate on specially machined and aligned plates integral to the core vessel. Before
translation, the preload will be removed. The design of the preload mechanism is not complete, but it is
expected that the preload mechanism will be a part of the MRA itself and will be actuated by a long-
handle tool from above. Once the preload is removed, the MRA translation tool will be installed. This
tool will consist of an upper plate that interfaces with the shielded adapter plate. The mechanism for
translation will be suspended below this plate and will interface with both the MRA and the core vessel
via features in both components. These features will react the forces needed to translate the MRA. The
translation tool will include a lead-screw—driven mechanism to drive the MRA between the operational
and maintenance positions. The nominal loads required for translation will be low as a result of the ball
transfer roller design, but the tool will be designed for contingencies (such as a seized roller) to ensure
successful translation.

Once the MRA is translated into the maintenance position, the translation tool will be removed and the
MRA cask will be placed into position on the shielded adapter plate. Again, the shielded adapter plate
features will align the cask precisely over the retracted MRA. The MRA cask will require significant
shielding and must include features for personnel protection beyond those employed on the shield block
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cask(s). The MRA cask design will mimic the design philosophy used for the FTS PBW cask. It will be a
bell-jar style cask with an integral shielded door. When the cask is in position over the cavity, the cask
will be positioned directly above the MRA. Again, the Ziplift grapple will be used as the lifting interface.
Because of the longer reach required to access the MRA, the FTS PBW hoist will be used in lieu of a
hook extender. The PBW hoist will be an air-operated chain hoist used for these operations in FTS. The
MRA cask will include interfaces to mount the PBW hoist in the correct position to place the Ziplift
grapple directly over the MRA. Figure 4.115 shows the nominal MRA cask design and Figure 4.116
shows the cask in position over the core vessel with the PBW hoist attached.

PBW Hoist Interface

Shielding materials
and thicknesses to be
based on activation levels

Cask Body

L Shielded Door

-

The new MRA will be installed into the core vessel using the 50 T crane and hook extender with the
Ziplift grapple. The MRA will be lowered into rough position and guided into position by coarse
alignment guides. Once fully seated, the MRA must be translated into the operational position. Proper
alignment of the MRA will occur during translation. See Section 4.4 for a discussion of the features and
alignment plan for the MRA. The MRA translation tool will be used again to perform this translation.
Once the MRA is driven into the operational position and into the alignment features, it must be
preloaded in this position. To perform this preloading, the MRA translation tool will be removed. The
preloading operation will be accomplished via a spring-loaded feature internal to the MRA itself.
Actuation of this preload feature will be done remotely using a long-handled tool. The preload feature
must have a surface to react the preload force, however, so a reaction block will be lowered into position
upstream of the MRA. The reaction block will engage features in the core vessel to position the block
relative to the MRA and to react the preload forces. Once the reaction block is in position, the long-
handled tool will be used to preload the MRA.

Figure 4.115. MRA cask design details.
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Figure 4.116. MRA cask installed on core vessel.

Following installation and alignment/preloading of the MRA, the lower shield block will be placed back
into position. This will be accomplished by moving the cask assembly near the monolith, unbolting the
cask body from the base plate, lifting the cask body/lower shield block into position on the shielded
adapter plate, and then lowering the shield block out of the cask and back into position in the core vessel.
This activity will be the same as that performed during PBW replacement in the FTS. Once the lower
shield block is in place, the upper shield block will be also placed into position with the high bay crane.

In addition to the MRA, the PBW and beam imaging system will be maintained and/or replaced using the
same remote handling philosophy. Utilization of casks for specific shield blocks and the sizing of these
casks will be dependent on the results of more detailed neutronics analyses.

Replacement of the STS target module also represents a complex remote handling operation. Because of
the physical envelope of the target assembly, the size and weight of the remote handling cask were
evaluated to ensure compatibility with high bay crane capacity and hook height constraints. The cask
design replicates the FTS remote handling philosophy used in both the PBW and IRP casks used in many
successful operations. The cask will be a bell jar design with an integral shielded door. To accommodate
the size of the target assembly, the resulting cask will be approximately 5.75 m tall and weigh
approximately 32,000 kg. Preliminary neutronics analyses have indicated the need for approximately
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28 cm of lead for the areas of the cask requiring maximum shielding. Figure 4.117 shows the conceptual
cask design with lead shielding thicknesses.

8.9 cm lead
2.5 cm carbon steel

/

15.2 cm lead
2.5 cm carbon steel

26.6 cm lead
93.2 cm carbon steel

30.5 cm lead
2.5 cm carbon steel

24.1 cm lead
2.5 cm carbon steel

Shield Door
- Solid carbon steel
-19 cm thick

Amount of shielding conservatively chosen based
on preliminary neutronics analyses results

Figure 4.117. Target cask design and shielding details.

Given the nominal cask size needed to accommodate the size of the target and the conservative shielding
requirements, the maximum high bay hook height requirements could be evaluated. Because of the nature
of the target replacement operation and the crane hook travel requirements needed, the PBW hoist with
the Ziplift grapple will again be used in this operation. The target cask will include an interface for the
PBW hoist, as shown in Figure 4.118. Given this installation, a total hook height required will be
revealed.

During the target replacement operation, the PBW hoist will not be attached to the target cask when the

cask is moved into position over the core vessel. From Figure 4.119, it can then be seen that the
maximum hook height needed for the target cask and nominal rigging will be approximately 7.4 m.
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Figure 4.118. Target cask with PBW hoist installed.
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Figure 4.119. Target cask hook height requirements.

Target cask handling during remote operation will require lifting the cask into position over the core
vessel inside the monolith/target drive room. The design of this room will be such that the walls extend
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3.4 m above the nominal high bay floor. Given the 7.4 m of hook height required for handling the cask
and the height needed to clear the target drive room wall, the total high bay crane hook height needed will
be approximately 10.8 m. The actual high bay crane hook height is expected to be about 11.48 m, so there
will be adequate clearance available for these target cask operations.

While the remote handling operations associated with the target replacement are straightforward and
share the same philosophy with FTS operations, target disc decay heat necessitates an understanding of
the potential need for active cooling during and after remote handling operations.

These needs for active cooling can be segregated into two scenarios:

e Cooling needs during nominal core vessel remote handling operations (not target replacement)
e Cooling needs during short term storage in the remote handling cask following removal

Preliminary thermal analyses indicate that leaving the target drive installed (and, as a result, maintaining
nominal cooling) during core vessel operation ensures adequate cooling. Removal of the target drive (and
loss of cooling) during target replacement does not represent an operational issue. The resulting
temperature increases in the target disc structure will not be an issue for a spent target that will not be
placed back into operation. The need to remove the target drive (and therefore the cooling) on an
operational target does challenge the ability to maintain the target at an acceptable temperature. Several
options are being considered for this cooling scenario, including using pre-installed ducts routed down
through pipe chases in the shielding. The ducts can then be used to direct cooling air to the target. Finally,
in the event cooling of the spent target is required after removal, the design of the target cask can include
cooling tubes embedded in the lead shielding. This embedded tubing would allow the circulation of
facility chilled water as needed to maintain temperatures.

The shutter cavities, nozzle extensions, and monolith inserts will be installed during facility construction.
Figure 4.120 shows the installed configuration of these components.

Unpopulated beam lines will receive insert “plugs” as shown in Figure 4.20. These plugs will provide
shielding to allow bunker access. Installation of a new beam line will require removal of the insert plug
and installation of the beamline-specific optical guide cavity. Plans are to use a monolith insert tool for
the initial installation of the monolith inserts. The goal is to design this insert tooling so that it can be also
used during the optical guide installation process. The basic process for insert plug removal and optical
guide installation is as follows:

Install the maintenance shutter.

Maintain shutter in the raised “maintenance” position.
Position insert handling tool and engage the insert plug.
Extract the insert plug into the shielded insert handling tool.
Lower maintenance shutter into the gamma blocking mode.
Remove insert handling tool and transfer plug into a storage cask.
Load the optical guide into the insert handling tool.
Position insert handling tool with guide at monolith insert.
9. Open maintenance shutter.

10. Insert optical guide into monolith insert.

11. Close maintenance shutter.

N~ E
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Maintenance Shutter
(not installed for unpopulated
Monolith Insert (blue) beamlines

Core Vessel Nozzle Optical Guide Cavity
Extension (tan) within the Insert

Monolith Insert Plug

Figure 4.120. Monolith insert component installation.

Installation of the optical components for a new beamline will begin with the installation of a
maintenance shutter. Unlike at FTS, these shutters will be used only during maintenance operations. Each
shutter contains an optical component of the beamline, a gamma blocker, and a neutron absorber.

During optical guide installation, the shutter will either be raised in the “maintenance” position or be
lowered to use the gamma blocker. Figure 4.121 shows the configuration of a maintenance shutter.

Following installation of the maintenance shutter, the fasteners securing the insert plug will be removed in
preparation for removal of the plug itself. The insert handling tool will then be positioned in front of the
monolith insert and the shielded door on the handling tool raised. At this point, the tower internal to the
insert handling tool will be driven into position to enable latching of the insert plug. Figure 4.122 depicts
this portion of the operation.

Once the insert plug is engaged, it will be withdrawn into the insert handling tool and the shielded door
closed. See Figure 4.123.
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Shutter Drive Mechanism

Maintenance Shutter

Neutron Absorber

Gamma Blocker

Shutter is in raised “maintenance”
position to enable Optical Guide
installation

Figure 4.121. Maintenance shutter configuration.

Insert Handling Tool
Shielded Door

Tower

Figure 4.122. Insert handling tool in position to engage plug.
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Shield Door closed

Plug is retracted into the Cask using the Tower

Figure 4.123. plug extracted into insert handling tool.

Removing the plug opens a direct view to the moderator, so the maintenance shutter and the handling tool
must provide adequate shielding. Figure 4.124 shows this configuration.

Once the maintenance shutter has been lowered to the gamma blocker position, the insert handling tool
can be removed. The insert handling tool will then be mated to an insert plug storage cask for insertion
and temporary storage of the insert plug prior to disposal. At this point, the new optical guide can be
loaded into the insert handling tool. Once the optical guide is installed, the insert tool will be positioned
again at the beamline monolith insert. Figure 4.125 shows the handling tool in position with the optical
guide installed.
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Maintenance Shutter lowered into the “Gamma Blocker” position

Figure 4.124. Maintenance shutter lowered to gamma blocker position.
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Optical Guide Module loaded into Handling Tool

Figure 4.125. Optical guide in position for installation.

The maintenance shutter and the shielded door of the handling tool can now be raised to allow insertion of
the optical guide. Figure 4.126 shows this optical guide insertion.

Once the optical guide is inserted into the monolith insert and the handling tool removed, the guide will
be secured and utilities connected. The maintenance shutter will be then lowered into the gamma blocker
position to allow hands-on installation of the remainder of the beamline bunker components.

The primary cooling loop for STS has the potential for tungsten contamination in the event of cladding
failures. This potential drives the need to be able to replace the loop filters remotely. The location of these
filters (in a cavity accessible from the high bay) drives the remote handling operation for replacement.
Replacement of the filters will require

e An adapter structure to place over the cavity following shield block removal
e The ability to remotely remove the filter housing lids
e The ability to remotely remove and reinstall filter cartridges into shielded containers

This remote operation will be very similar to the process designed for harp replacement in FTS. The

development of the process and the design of the tooling will use the concepts devised for the harp
replacement.
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Cask Door and Maintenance
Shutter in raised positions

Optical Guide Module inserted into Monolith Insert
Figure 4.126. Optical guide installation.
4.9.3 Waste Disposal Systems

Remote handling will be required to support the disposal of many STS components as waste. All tooling
and infrastructure associated with waste disposal are included in WBS S.3.10.3. Operational experience
gained through the successful completion of 23 TN-RAM cask shipments has been leveraged to develop a
conceptual waste disposal process and infrastructure/tooling required to support this operation. For highly
activated components, the service cell will provide the infrastructure needed for successful waste handling
while ensuring ALARA principles are maintained. Waste disposal of the target assembly represents the
most challenging operation, so it will be the focus of the conceptual design.

Because of its size and activation, disposal of the target wheel will be challenging. Both the size and
activation preclude the use of any existing over-the-road (OTR) waste disposal casks. Three potential
options exist:

e Option 1: Size reduction and multiple shipments using an existing OTR cask (e.g., TN-RAM)

e Option 2: Use of an existing rail cask for shipment
e Option 3: Design and licensing of a new OTR cask specifically for target shipments
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Each option has technical and economic factors to consider. Option 1 involves the size reduction of the
target wheel into pieces small enough to permit shipment in existing casks. The advantages to this option
include the following:

Existing casks could be used.

Disposal process is well understood.

Disposal sites exist and are easily accessible.

Post-irradiation examination activities could be folded into size reduction

It avoids the costs associated with designing and licensing a new cask (likely $3-5 million) and the
costs associated with maintaining the license

This option also has several disadvantages:

Size reduction requires significant tooling and infrastructure.

o Current service cell concept would likely need to be enlarged to accommodate size reduction tooling
and storage/ handling of target pieces prior to shipment.

o Radiological hazards are associated with size reduction.

e Multiple shipments per target would be required.

e There likely would be 3-4 TN-RAM shipments per target @ $300K each for a cost of >$1 million.

Option 2 resolves the OTR cask size issue and involves using an existing rail cask for shipment. These
casks are typically used for the shipment of spent nuclear fuel and have both the capacity for an item the
size of a target wheel and the shielding necessary. In fact, the size and shielding are the only advantages
of this option. The disadvantages are many:

Cask would be needlessly oversize for something as small as a target.

There is no rail access at ORNL.

There is no rail access at Nevada National Security Site—disposal site access is limited

Cost is unknown but would likely be $1 million+ per shipment.

Current service cell/conventional facilities concepts do not support spent fuel/rail cask infrastructure
and operations.

This leaves Option 3, which involves the design and licensing of a new OTR cask specifically designed to
accommodate the target wheel. The following are advantages associated with this option:

Enables shipment of target disc without size reduction.

Facility infrastructure (e.g., service cell) design can ensure compatibility.
Process is well understood.

Disposal sites exist and are easily accessible.

Single shipment would mitigate costs (likely ~$300K per shipment).
SNS would own the cask and control its use.

The disadvantages are few, but significant:

e Package size and shielding requirements push the limit of what is possible for an OTR cask (this is a
significant unknown and investigation is needed).

e Nonrecurring costs up front would be high (likely $3-5 million).

For the purposes of the conceptual design, Option 3 was selected. To better define the technical
challenges associated with Option 3, a waste disposal cask concept was created to
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e Devise a nominal packaging plan
o Estimate the approximate weight of a conceptual package to understand transport options
— Will size reduction be required?
— Can a cask be designed that meets OTR weight limits?
— Will a rail cask be required?
e Add fidelity to target disc disposal concepts to better define service cell configurations relative to
cask handling and loading

The basic packaging plan replicates the FTS system in which a cask liner is loaded into the cell before
waste disposal. This liner serves as the handling interface for the target disc both in the service cell and at
the disposal site. The target disc is then installed into the liner. The disposal cask arrives at SNS and is
mated to the service cell, and the liner is then loaded into the cask. The loaded cask is then placed back
onto the transport vehicle for shipment. This process requires a new liner and new cask design.

To support the Option 3 disposal, a conceptual design of a liner was required. This liner design uses the
same philosophy as current FTS TN-RAM liners. The liner is essentially a carbon steel shell with a lead-
filled lid. The shell is sized and has features to securely hold the target wheel and includes a Ziplift stud
for handling within the service cell. Figure 4.127 depicts the conceptual design.

Shielded lid

. . Ziplift stud for service cell handling
Air gap (lid

is not sealed)

Lid bolt location

Spacers to support disc S

Weight: 2200 kg

(without target) catbowsiEe

shell construction

Figure 4.127. Target wheel liner design details.

The weight of the liner with the target wheel installed will be approximately 3070 kg. Given this liner
design, the conceptual design of a cask could follow. A cask concept was devised primarily to understand
the sizing needed to accommodate the liner and to understand the weights associated with this sizing. A
nominal lead thickness of 28 cm was conservatively assumed, and an attempt was made to make the cask
as compact as possible. Figure 4.128 shows the design details for the cask.
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Lid

23 cm of lead/
6.5 cm of steel 28 cm of lead/
2.5 cm of steel

Liner with Target

Lid Weight: 4425 kg

Body Weight: 23950 kg
Total Cask Weight: 28375 kg
28.6 cm of lead/

Body 4 cm of steel

Figure 4.128. Cask design details.

To assess the overall size of the resulting cask to evaluate its suitability for OTR transport, nominal
impact limiters were added. The conceptual assembly is shown in Figure 4.129.

Impact Limiters (1883 kg each)

Tie rods
2.44 m diameter x 2.4 m tall
Total Weight:
Liner w/target: 3070 kg
Cask: 28375 kg
Impact Limiters: 3765 kg
Total: 35210 kg

Figure 4.129. Disposal cask assembly.
The finding of this assessment is that the packaging of the STS target wheel seems reasonable. The wheel

size permits packaging in a size that meets OTR requirements. An assumed lead thickness of roughly
28 cm yields a total package weight of less than 80,000 Ib (35,210 kg/77,625 Ib). This weight is
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comparable to a fully loaded TN-RAM cask weight of 78,250 Ib. The cask concept used many
assumptions that will need to be verified moving forward with regard to shielding thicknesses and impact
limiter design, but the conceptual design demonstrates that Option 3 is viable.

The Option 3 disposal process addresses the disposal of the target wheel, but the target shaft is also an
issue. Disposal of the target assembly as waste requires separation of the shaft from the wheel. This
separation will be easily performed in the service cell with the access and tools provided by the window
workstation infrastructure. Once the shaft is mechanically separated from the disc, the shaft will be drawn
back up into the target remote handling cask to await its disposal. Because of the relatively low activation
of the target assembly shaft, its disposal path will be more straightforward. The plan is to dispose of the
shaft as activated steel (much like the current effort to dispose of the FTS IRP upper shielding segments).
Because of the size and shape of the shaft, it is expected that a custom, strong-tight container will be
designed to house and transport the shaft.

Disposal of the remaining components (e.g., MRA or PBW) can be accomplished using existing casks
(e.g., the TN-RAM). These components are compatible with the size/activation capabilities of the TN-
RAM. The disposal process for these components mimics that used currently for FTS components and
can be accommodated for STS with the following options:

e Use the existing FTS TN-RAM infrastructure.

e Modularize the STS infrastructure to accommodate multiple casks (BLP and cask cart
adapters/flexibility).

o Transfer waste items into casks independent of service cell infrastructure (possibly building a transfer
station to load casks).

4.9.4 Mock-up Facility

FTS has an MUTS that contains full-scale mock-ups of a PBW cavity, a shutter cavity, and a mock-up
vessel that replicates the FTS core vessel. The MUTS has proved to be invaluable to the success of FTS
remote handling operations. A Mock-up Facility is planned for STS. The STS Mock-up Facility will build
on this legacy and be used extensively for

Full-scale cold testing of remote handling tooling and processes
Tooling prototyping and design development

Fit and functional testing of casks and tooling

Technician training

Process and procedure development

All tooling and infrastructure associated with mock-up testing activities is included in WBS S.3.10.4. The
STS Mock-up Facility will contain a full-scale mock-up of the core vessel. This mock-up will contain
incorporate the features needed for high-fidelity testing of STS remote operations. For example, the
mock-up vessel will contain the MRA alignment and interface features. This will allow full-scale
validation of the installation and alignment process, including the tooling needed for translation and
preloading of the MRA. For target replacements, the mock-up will include dimensionally accurate core
vessel shielding blocks to enable testing of removal and installation handling operations, pipe cutting and
removal operations, and target installation and handling.

A mock-up of the monolith insert handling operation will also be included. This mock-up will be stand-

alone (not integral to the Mock-up Facility) and will allow testing of all phases of the monolith insert
installation and maintenance process.
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5. INSTRUMENT SYSTEMS

51 INTRODUCTION

The STS is designed to deliver the world’s highest peak brightness of cold (long-wavelength) neutron
beams. It will use one out of every four proton pulses produced by the upgraded SNS accelerator, which
operates at 60 Hz, to deliver 700 kW (46.7 kd/pulse) of proton beam power to the STS rotating solid
tungsten target at 15 Hz. On average, 35 neutrons will be produced for each 1.3 GeV proton striking the
tungsten target. The energy of these neutrons will be reduced in cryogenic moderators located above and
below the target. Neutrons will be distributed to 22 experimental beamlines with high efficiency by
neutron optical components located as close as 70 cm from the moderators. Instruments built on these
beamlines will take advantage of state-of-the-art advances in neutron instrument design, methods, and
technologies to multiply the greater than 20x increase in STS cold neutron brightness relative to the FTS
to provide wholly new capabilities far beyond the reach of today’s best instruments.

The 22 STS beamlines will
support a suite of neutron
scattering instruments that
provide entirely new capabilities
to the US research community
(Figure 5.1). The STS project will
build five neutron scattering 90M Building
instruments, each of which will
include (1) the infrastructure to
transport the neutrons from the
moderators to the sample position
and to shape, manipulate, and
shield the neutron beam as
required along the incident flight
path; (2) the instrument end
station and its associated
shielding, mechanical
components, neutron detectors,
initial suite of sample
environment equipment; and (3)
the data management

Target Building

40M Building

Figure 5.1. Schematic view of the target and experiment halls with 16

infrastructure and scientific notional instrument concepts illustrated. STS beamlines are numbered
software required to reduce and from STO1 to ST22 counterclockwise from the lower left corner. Some
analyze data. The objective of beamlines have been left unoccupied. The 40M, 50M, and 90M instrument
Instrument Systems is to deliver halls are indicated in the image.

five instruments ready to begin

commissioning with neutron beam during early STS operation, along with the key infrastructure required
to ensure the early scientific success of the new facility. The research community will be engaged in an
instrument selection process early in the project preliminary design phase to select the instruments that
will be built as part of the STS Project.

5.1.1 Instrument Concepts
The capabilities of many instrument concepts were discussed at a user community workshop. [ORNL

2015] These are illustrated in Figure 5.1, which shows their possible distribution about the STS target
monolith (the round structure in the left center of the Target Building). Five of these instruments were
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identified for concept development to support project planning and are described in the following
sections. These five instruments illustrate some of the science capabilities enabled by STS. They also
represent the range of physical parameters and technical requirements anticipated for STS instruments;
they are listed in Table 5.1. They include one inelastic spectrometer, two diffractometers, a small-
angle/wide-angle neutron scattering (SANS/WANS) instrument, and a reflectometer. These concepts are
described in later subsections of this section. Their locations in the instrument buildings are shown in
Figure 5.2. While each of these five instrument concepts would deliver extraordinary new capabilities to
the user community, changes to this initial set of instrument concepts can be anticipated based on future
community input during the instrument selection process. Changes could extend to replacement of one or
more of these planning instruments with higher priority instruments.

Table 5.1. List of five neutron scattering instruments developed as concepts that are representative of
instruments that could be built at STS. These instruments demonstrate science capabilities that can be enabled at
STS and have been used for project planning purposes. Moderator types are described in Section 5.2.

Nomtint] Moderator
Beamline Name Description length
(m)a type

Small/wide-angle neutron scattering optimized
STO3 CYGNUS to measure structures simultaneously at length 30.25 Cylinder
scales from atomic to 100s of nanometers

Kinetics reflectometer—horizontal sample
reflectometer optimized for real-time studies of
interfaces, enabling “cinematic” mode of
operation

Versatile diffractometer for magnetic structure
ST13 VERDI studies of powder and single crystals featuring a 40 Cylinder
full neutron polarization capability

Cold neutron chopper spectrometer optimized to
measure weak signals intrinsic to small neutron
cross-sections or limited sample sizes with a
wide range of incident neutron energies

Single crystal diffractometer optimized for
sample volumes below 0.01 mm?® with unit cell
edges from 10 to 300 A (small molecule and
macromolecular)

ST09 QIKR 18 Cylinder

ST17 CHESS 30 Tube

ST20 EWALD 90 Cylinder

aModerator-to-sample distance.

The beamlines number counterclockwise from 1 to 22 beginning at lower left (STO1 to ST11 left to right
in the lower, 40M building, and ST12 to ST22 right to left in the upper 50M and 90M buildings). Space
has been reserved on beamlines ST18 and ST19 adjacent to the 90M building for future long instruments.
Figure 5.2 indicates the locations of the five concept instruments.
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5T13
VERDI

Figure 5.2. Locations of the five concept instruments being used for project planning.
5.1.2 Moderators

The primary interface between the neutron source and the instrument beamlines occurs at the faces of the
neutron moderators that slow down the spallation-produced neutrons to energies that are useful for
neutron scattering. Neutrons emitted from these moderator surfaces illuminate the beamlines that
approach as close as 70 cm. Concepts for two high-brightness moderators have been developed based on
instrument input as described in Section 5.2. The 3 cm tall cylinder moderator illuminates 16 STS
beamlines, and the triangular tube moderator illuminates the remaining 6 beamlines. Both moderators are
cold, coupled para-hydrogen, providing approximately the same peak brightness in the cold neutron
range. The 3 cm diameter tube moderator has broader pulse widths that provide more neutrons to those
instruments that can use lower-wavelength resolution. The geometry of this moderator type limits the
number of beamlines it can support to six as illustrated in Figure 5.3. A final round of moderator
optimization, including the sizes of the viewed faces and moderator diameters, will occur during
preliminary design.

Instrument location around the facility and on specific beamlines was the result of considering a number
of factors, including matching instruments to the appropriate moderator, grouping longer instruments on
one side of the target, and avoiding geometric and magnetic interference. In particular, instruments
deemed to have a high sensitivity to varying magnetic fields have been placed far away from the location
identified for an extreme—magnetic field instrument (ZEEMANS) on ST02. This instrument poses
particular challenges in minimizing its interference with neighboring instruments and providing the
additional space for its high-field magnet support systems. The instrument was strategically placed to
address these concerns.
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Proton Beam

Figure 5.3. Beamline arrangement showing the six unique beamlines (green) illuminated by the triangular-

shape tube moderator.

5.1.3 Instrument-supporting Infrastructure

In addition to the descriptions of instrument concepts in Sections 5.4 to 5.8, Section 5.9 describes key
supporting infrastructure required by the neutron scattering instruments and provided by Instrument
Systems, including scientific software, neutron technologies, biological shielding, and sample
environments.

5.1.4 Instrument Systems Project Interfaces

Instrument Systems relies on a number of other STS Level 2 systems for certain areas of support and has
several key interfaces across the STS Project:

Conventional Facilities: Instrument Systems relies on Conventional Facilities to provide the buildings
that house the instrument end stations and transport lines, as well as to provide standard utilities
routed to designated locations inside the buildings. Routing utilities from these locations to the
instrument end stations as required will be the responsibility of Instrument Systems. Requirements for
floor loading and stability have been developed. Transport of equipment and personnel (staff and
users) has been incorporated into the building requirements. Conventional Facilities will provide the
poured-in-place bunker shield wall (Instrument Systems will provide the removable shield blocks that
form the top of the bunker shielding. See Section 5.3)

Target Systems: Instrument Systems interfaces with Target Systems both within and external to the
target monolith. Instrument Systems has provided the optimization requirements for the moderator
suite. Section 5.3 describes the interfaces between instruments and the target monolith and the
equipment that is provided as part of the Instrument Systems scope.

Integrated Controls: Instrument Systems relies on Integrated Controls Systems for the instrument data

acquisition, experiment control, and computing infrastructure (see Section 6.4). Instrument Controls
also provides the instrument personnel protection systems (see Section 6.2.3).
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5.2 MODERATOR AND SOURCE CHARACTERISTICS

At the heart of the STS concept are advances in target and moderator technology that provide greater than
20x gains in the peak brightness of cold neutrons, with a corresponding gain in neutron flux at the sample
position, for the STS compared with the current 1.4 MW FTS. At a pulsed spallation neutron source,
neutrons are produced by impinging a high-energy proton pulse onto a heavy metal target. The resulting
neutrons are slowed down to energies useful for neutron scattering experiments in moderators containing
hydrogen located above and below the target. Neutrons leaving the faces of the moderators enter the
neutron optics systems that direct neutrons to the neutron scattering instrument sample positions. Brighter
moderators illuminate the neutron optics with more neutrons in the wavelength range and solid angle that
the optics can accept and allow better optimization of the neutron optics system, especially in illuminating
small areas. High brightness directly translates into higher neutron flux on the sample, which is the
foundation for delivering the multiple order-of-magnitude gains in instrument performance required to
address the science challenges envisioned for STS.

Figure 5.4 shows the neutron brightness emitted from

the STS coupled moderator compared with its ax10™ :
counterpart on FTS at the indicated operating
conditions, which are those anticipated when STS is STS
fully operational. The height of the pulse shapes is the
peak brightness produced at the moderator face. The
integral under the curve multiplied by the number of
proton pulses per second (15 and 45 for STS and FTS,
respectively) is the time-averaged brightness.
Instrument performance scales with peak brightness if
the intrinsic width of the pulse is broad enough to
deliver the wavelength resolution desired, which is true
for most of the instruments envisioned for STS. In the
remaining cases, the wavelength resolution determined
by the width of the moderator pulse divided by the l FTS

neutron time-of-flight (TOF) may be better than 00% = _—
typically required, but still useful for some Emission time (usec)
measurements. Moderator geometries have been

identified that provide the highest brightness of cold Figure 5.4. Pulse shapes emitted from FTS and
neutrons to the neutron scattering instruments, whichis ~ STS cold, coupled moderators at a wavelength
a core strength of STS. High-brightness moderators of 5 A, Calculations are for STS operating at 15
were identified early as the key to high-performance Hz with 700 kW and FTS operating at 45 proton
neutron scattering instruments. [Zhao et al. 2013, pulses per second and 2 MW.
Gallmeier et al. 2016].

Brightness (n/cm’/sr/A/s)

Moderator performance is impacted by the choice of moderator materials; moderator size and
temperature; position with regard to the neutron production zone; moderator environment, including pre-
moderator and reflector material choices; and sizing. The neutron production zone is defined by proton
beam characteristics such as beam energy, beam area and profile, beam power and pulse length, and
target characteristics such as element charge number, material density, target dimensions, and cooling
medium choice and volume fraction [Watanabe 2003, Carpenter and Yelon 1986]. Many choices are
constrained by engineering considerations, such as for temperature, stress, material fatigue requirements,
the need for heat removal, radiation-induced material degradation, and the requirements for safely
containing the high radionuclide activity at all times in any operational and off-normal scenarios.
Considering all options and constraints, STS is best served by liquid para-hydrogen moderators pre-
moderated with ambient-temperature light water and placed in a wing arrangement relative to a solid

5-5



Instrument Systems

tungsten rotating disk target and surrounded by a beryllium reflector. Two moderators, one located above
and one located below the target disk, will illuminate the 22 neutron beamlines. An opportunity for a final
round of moderator geometric optimization is anticipated during the preliminary engineering design phase
of the project. Responsibility for designing and providing STS moderators is part of the Target Systems
WBS Level 2 and is described in Section 4.4. This current section describes the performance and
optimization of the moderator physics design to meet the requirements of the neutron scattering
instruments.

A proton beam of 1.3 GeV energy and 0.7 MW power pulsed at 15 Hz with sub-microsecond pulses
generates a compact high-energy neutron production zone in the target volume of about 13x6x10 cm?
(width x height x depth) feeding into the close-by moderator assemblies. Hydrogen or a hydrogenous
material is the preferred moderator material because of its fast neutron slowing-down and moderating
abilities that are needed to establish neutron pulses with reasonable characteristics, including high peak
brightness and pulse widths matched to the instrument requirements. Liquid hydrogen is the best
compromise, considering its high hydrogen density, radiation hardness, and temperature. The para-
hydrogen flavor, the energetic ground state of the hydrogen molecule, is especially suitable because of its
low neutron interaction probability below a neutron energy of 10 meV, enabling efficient extraction of
cold, low-energy neutrons from 10-20 cm deep in the moderator volume. Hydrogen is condensed from its
room-temperature normal gaseous state at 75% ortho and 25% para fractions into the liquid state as the
moderator is initially filled, and radiation-induced conversion of para- to ortho-hydrogen occurs during
operation. The natural relaxation to the thermodynamic equilibrium of 99.8% para at 20 K temperature
takes many days. As a consequence, the STS hydrogen loop will be equipped with a sufficiently sized
catalytic converter consisting of magnetic material such as iron or chromium oxide to speed up the
relaxation process and promote conversion of ortho to para-hydrogen. The Japan Proton Accelerator
Research Complex (J-PARC) Material and Life Science Experimental Facility has demonstrated that
liquid hydrogen loops that include a catalytic convertor can operate at a 99.8% para fraction at a high-
power spallation source [Kai et al. 2005, Teshigawara et al. 2016]. Based on this success, it is assumed
that similar performance can be achieved for STS. Installation of a catalytic convertor is planned for FTS
as part of the Proton Power Upgrade. All analysis work presented in this section assumes 100% para-
hydrogen as the moderator material.

As cold neutrons are generated in para-hydrogen by a one-time down-scatter event from neutrons with
energies above 10 meV, the moderator zones of 1-2 cm proximity to the pre-moderator interface are the
most productive for cold neutron generation. Additionally, para-hydrogen has a mean free path for cold
neutrons of 100-300 mm and hence is fairly transparent for cold neutrons. Neutrons can easily be
extracted from moderator depths of the order of one mean free path. These two characteristics can be
exploited by moderator configurations with a depth of the order of one mean free path but with reduced
sizes in one or both of the other dimensions, with neutron extraction from the side(s) with reduced
dimensions.

Two representative moderator concepts were adopted for the target station: a 30-mm-high cylindrical
moderator [Gallmeier et al. 2016], called the cylinder moderator, and the triangular moderator comprising
30-mm-diameter tubes [Gallmeier 2018], called the tube moderator. Both will be pre-moderated by
ambient-temperature light water and reflected by beryllium metal. The cylinder moderator was optimized
to deliver the highest peak brightness (highest pulse peaks) with a resulting diameter of approximately 80
mm. It will have four 30 by 30 mm view ports with each view port illuminating four beamlines. The tube
moderator composed of 3 connected 30 mm diameter hydrogen-filled tubes is optimized toward the
highest pulse integrated brightness, resulting in a base length along the tube of approximately 160 mm.
Neutrons will be emitted from this assembly along the tube axes at six locations to illuminate six
beamlines. The two moderator configurations are depicted in Figure 5.5. The performance of the STS
moderators is presented in Figures 5.6 to 5.9 and compared with the FTS coupled moderator as viewed by
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beamline 5 at January 2019 conditions (1.4 MW power, 1 GeV proton energy, heavy water—cooled inner
reflector plug, aluminum proton beam window, hydrogen at 30% ortho and 70% para state, performing at
80% of theoretical maximum because of power-induced degradation of neutron production). In time-
averaged brightness, the STS tube and cylinder moderator show gains of a factor of 5-9 and 4-6,
respectively, over the FTS coupled moderator. The STS moderators show gains of ~20 in peak brightness
relative to the FTS moderator.

Figure 5.5. Horizontal cuts through the vertical center of the STS moderators: cylindrical moderator (left)
viewed from above and tube moderator as viewed from below (right). Dark blue represents the para-hydrogen
moderating material, light blue is the water pre-moderator, and green is the beryllium reflector located above and
below the target wheel (grey assembly). The views of the moderators by the instrument beamlines is indicated in

yellow.
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Figure 5.6. Time-averaged brightness of STS moderators. Numbers after the moderator indicate
which view port is accessed.

The full-width-at-half-maximum (FWHM) pulse widths of the STS tube moderator are about 80% wider
for thermal and cold neutrons compared with those of the STS cylinder moderator, whereas the FTS
moderator exhibits a different energy dependence, bracketed by the two STS moderators, due to its ortho-
hydrogen content. The STS cylinder moderator exhibits considerably shorter pulse rise times compared
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with the STS tube moderator, as it has lower hydrogen depth. Both STS moderators result in faster pulse
decay (long-time tails) than the FTS coupled moderator, an additional advantage over FTS resulting from
the smaller STS moderator size as shown in Figure 5.9.
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Figure 5.7. Pulse-peak brightness of STS moderators. Numbers after the moderator indicate
which view port is accessed.
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Figure 5.8. FWHM neutron pulse width of STS moderators compared to the coupled FTS moderator.

The geometric optimization was performed with an idealized fixed-area flat-profile proton beam footprint
on the target of 3000 mm?. This was later revised to the current super-Gaussian profile of 6200 mm?as
proton beam simulation data became available and the pulse stress issues in the target needed to be
reduced. The larger proton beam size also required an increase of the target disk height from 50 to

60 mm. The moderator performance simulation results shown in Figures 5.6-5.9 include all of these
changes, reflecting the current concept; but the geometric optimization was not repeated with the changed
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constraints. As the instrument concepts mature, plans are to reoptimize the moderator concepts to deliver
neutron beams that best serve the requirements of the instruments.
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Figure 5.9. Emission-time distributions of STS moderators at 4 A wavelength on linear scale to the left and
log scale to the right.

5.3 NEUTRON BEAMLINE BUNKERS

STS will incorporate neutron beamline bunkers (Figure 5.10) on the north and south sides of the target
monolith. In the context of STS, bunkers are heavily shielded rooms near the monolith where choppers
and other beamline components are located; personnel can access them without unstacking significant
amounts of local shielding. The use of bunkers was motivated by several factors:

e The desire to reduce background radiation by providing an integrated shielding design near the target
monolith. On the SNS FTS, each instrument designed its shielding in this area, providing many
additional interfaces and possible radiation leakage paths.

e The high-