Chapter 9

Commissioning
Chapter abstract
Summary: For a complex facility such as ESS, the transition from construction to operation has to be
planned well ahead and early in the construction phase so that it can be made in an organised and effective
manner. Experience from other research facilities shows that managing the interface between systems
during start-up requires planning and structured procedures in order to keep to schedule and manage
risks for personnel and equipment. This chapter describes the technical aspects of this transition for all
major parts of the facility: the conventional facilities including technical infrastructure, the accelerator,
the target, the instruments and the integrated control systems. The chapter presents a schedule for the
transition stretching from when the first building is completed and taken into operation in 2016 to when
the last of the 22 instruments is completed in 2025 and 5 MW of power is reached.
Strategy and methodology. Building on experience from other research facilities, ESS has developed
a commissioning strategy and methodology. A main element of this strategy is an initial proton beam
commissioning with a staged approach and early start. This will be followed by an aggressive early increase
in beam power, in order to identify any machine limitations as soon as possible, before a large number of
users are expecting reliable beam. Naturally, the commissioning and power ramp-up will comply with the
limits set by the licenses and permits ESS has been granted by the relevant legal authorities. Systems will
be commissioned first without beam, and later with beam.
The conventional facilities commissioning includes bringing all the conventional parts and systems of
the facility into an operational state such that they perform all intended functions and meet design and
operational criteria. Buildings and systems will be completed and commissioned in a timely fashion in
order to allow efficient and early installation and commissioning of machine and instruments systems.
The accelerator will be commissioned in stages: The front-end and ion source will be commissioned first,
followed by the drift tube linac; the superconducting linac with spoke resonators, all medium and high
beta elliptical cavities; and finally the high energy beam transport (HEBT) and the transfer to the target.
For commissioning of the first stages, a movable beam dump and a provisional control system will be used
to allow parallel installation of the later stages.
The target station will be the last major machine component to be commissioned. It includes the
neutron production systems (target, moderators and pre-moderators, proton beam window), the ancillary
systems and the safety systems (shielding, confinement barriers). Activation levels will be kept low during
the initial stages of commissioning in order to allow hands-on work.
The neutron instruments will be commissioned individually as the construction of each instrument
is completed. The instruments will first be commissioned without beam followed by a commissioning
with beam and later a period of scientific commissioning where the instrument is brought into scientific
operation suitable for external users.
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Introduction

Experience from other research facilities show that the transition from construction to operations for a
complex facility such as ESS requires a significant a planning effort already at an early stage in order to
efficiently reach operational requirements, keep to schedule and manage risks for personnel and equipment.
The purpose of this chapter is to describe the technical aspects of how ESS will make the transition from
the construction phase into the operations phase on a high level, that is how the main technical systems
of ESS will be commissioned together. The management, organisation and approval procedures for this
transition are described in the Transition to Operations document [605].
The scope of this chapter includes all parts of the facility: the conventional facilities including technical
infrastructure, the accelerator, the target and the instruments. In terms of programme schedule, it stretches
from when the first building is completed and taken into operation in 2016 to when the last of the 22
instruments is completed in 2025 and 5 MW of power is reached. Notably, it includes the commissioning
of the machine, the production of the first neutrons, the power ramp-up and the commissioning of the
instruments. More precisely, the commissioning of any system at ESS starts with the completion of the
installation and ends with routine operation at full specification. This chapter describes the key activities
and technical aspects related to the commissioning of the main systems of the facility. The activities and
schedules presented in this chapter follow the project specifications for the construction and operation of
the accelerator, the target, instruments and conventional facilities [42, 606–609]. It is important to note
that it is not a project specification in itself.
This chapter describes the strategy and methodology to be applied, the commissioning of the conventional facilities, the accelerator, the target station and the instruments and clarifies a few key definitions.
It builds on lessons learnt from other facilities, in particular from the commissioning of the SNS and the
MEGAPIE target experiment. A few key lessons are listed in Section 9.8. In the chapter, the commissioning of the control systems, the data management systems and machine- and personnel protection systems
are described together with aforementioned main parts of the facility but it also has a section of its own.
The requirements and limits set by licensing and regulatory requirements are described throughout the
document.
Definitions
1. Beam commissioning: initial transport of beam through a beam line, following equipment installation during the construction phase.
2. Cold commissioning: Start up of systems without producing a proton beam. Approximately no
ionising radiation or radioactive materials is generated.
3. Hot commissioning: Start up of systems including producing a proton beam. Ionising radiation
and radioactive materials can be generated.
4. Power ramp-up: Increase in the operational power on target in the period 2019 to 2025 to 5 MW.
5. Machine reliability: Machine reliability: the fraction of the time scheduled for neutron production
that high power beam is delivered on target [42].
6. Machine availability: the fraction of the time (over a year) that the machine is available for
neutron production with a high power beam being delivered to the target [42].

9.2

Strategy and methodology

The overall strategy for the initial commissioning of beam through the accelerator, and for the subsequent
increase in machine performance to its design levels is described here. Initial beam commissioning culminates with the delivery of beam on the target and production of first neutrons in 2019. A primary aspect
of the initial beam commissioning is a staged approach with an early start. The period following the
initial beam commissioning through 2025 involves increasing the beam power, operational hours, machine
reliability and the deployment of the scientific instruments to meet ESS goals. In this power ramp-up
period, an aggressive early increase in beam power is planned, to identify any machine limitations as soon
as possible, before a large number of users are expecting reliable beam.

ator, a 1 GeV MeV output energy, a Coupled-Cavity Linac (CCL) with
ccumulator ring 186 MeV output energy, and a Superconducting RF Linac
s. The beam (SCL) with 1 GeV output energy [7]. At full design
9.2. STRATEGY
AND METHODOLOGY
capability
the linac will produce a 1 msec long, 38 mA 545
NS accelerator
d in May 2006, peak, chopped beam pulse at 60 Hz for accumulation in
The commissioning and power ramp up must be conducted within the limits set by the licenses and
the ring.
each successive
permits given. The Environmental Court will set conditions for the construction and operation of the
The not
linac
beam
is transported
via Authority
the High
Energy
facility for all matters
concerning
radiation.
The Radiation Safety
will set
conditions for all
The final beam
matters concerning radiation and radioactive materials. According to the plan agreed with the authority,
Transport (HEBT) line to the injection point in the
ansported toa license
the willBeam
be granted for ESS construction, another for test operation (commissioning) and later full
ring permits
whereand the
long forpulse
is both
full power. Accordingly,
licenses1 willmsec
set conditions
commissioning
ay 2006. Inoperations
the ataccumulator
with and without beam. Reporting to relevant authorities during commissioning will continue, just as
compressed to less than 1 microsecond by chargeam performance
did reporting to the same authorities during construction. An open dialogue, monitoring and inspections
are foreseen exchange
and it is expected
that the licensing
authorities
will follow the
of the facility
multi-turn
injection.
According
tocommissioning
design, beam
e been achieved
closely.
is accumulated in the ringtheover
1060 turns reaching an
ance and beam
Further, every care will be taken not to damage
machine or expose personnel to undue risks. This
14
protons
per protection
pulse. system
When
intensity
of 1.5x10
in fact impose
more restrictive
limits than the licenses.
The machine
(MPS) and the
escribed andmaythe
personnel protection system (PPS) must therefore be commissioned early and reach a level of functionality
accumulation is complete the extraction kicker fires
.
that can properly protect machine and personnel during commissioning. The ESS accelerator will be the
the 250
nsec and
gapmany
to remove
therepresent
accumulated
worlds most during
powerful proton
accelerator
of its systems
state of the beam
art technologies.
As ESS is a green-field site, none of the systems will have a history of institutional support at the central
in a single turn and direct it into the Ring to Target Beam
site. Having all these systems work together in concert will be challenging, and beam commissioning is the
first time all Transport
the supporting (RTBT)
systems trulyline,
need to
work in takes
an integrated
the inevitable
which
the fashion.
beam Discovering
to a liquidis a short-pulse
issues that will surface during beam commissioning as soon as possible will give system developers an early
mercury target.
opportunity to modify their systems. In fact, the commissioning of sections of the accelerator will be a
ently completed
valuable integration
exercise.
As such, a staged approach
beam commissioning
is planned
in order to
Staged
commissioning
of the to
accelerator
complex,
now
NS construction
facilitate early system adjustments.
complete, was performed in seven discrete beam
The staged commissioning provides several opportunities to run systems together, as opposed to inDOE national
commissioning
runsbefore
(shown
into Figure
werestages are
the
ESS accelerator systems
attempting
run beam. 1)
Fourwhich
commissioning
ponsibility stalling
for all for
envisioned
the period 2016 through 2019. Lessons learnt in the early commissioning will facilitate
devoted
to commissioning the i) Front-End, ii) Drift Tube
in later periods, when more is at stake, and will also facilitate the initial power ramp-up.
the facility.commissioning
At
As an example
of this Tank
approach,
beam-commissioning
is shown
in Figure 9.1,
Linac
1, the
iii)SNS
Drift
Tube Linacperiod
Tanks
1-3,schematically
iv) Coupled
et, the SNSindicating
will seven commissioning stages over about 3.5 years [610]. The initial commissioning stages involved
Cavity Linac, v) Superconducting Linac, vi) High-Energy
accelerator beam-lines of only a few meters. The latter commissioning periods covered much more involved
yond that which
tasks, such as
the entire
superconducting
linacand
and the
entire ring and transport
systems.
Beam
Transport
Line
Accumulator
Ring, line
and
vii) However
e SNS baseline
less time was needed for these latter tasks, in large part due to the lessons learnt from earlier commissionRing to Target Beam Transport Line and the mercury
ing experiences. Providing early commissioning stages will be beneficial in the long run, but will require
special arrangements
The early 2
beam summarizes
commissioning will require
buildingbeam
occupancy and
target. initially.Table
the early
main
utility
support
and
the
use
of
a
temporary
control
room
setup,
and
it
will
coincide
with
other
construction
ers
commissioning results, comparing beam measurements
activities on site. Beam commissioning during the construction period need not preclude construction and
in downstream
parts of the accelerator, in the target and instrument areas. Installing
with design
goals.
1.44 MW installation activities
a temporary shield wall beyond the commissioning beam stop can permit installation activities to proceed
With
construction
project
complete,
the activities
SNS isatnow
1.0 GeV downstream in the
samethe
tunnel.
This was the case
for the early
commissioning
SNS shown in
Figure
9.1.
beginning
initial
low-power
operation.
6.0%
1.0 msec
2003
2002
2004
2006
2005
60 Hz
68%
38 mA
Front-End
DTL/CCL
1.6 mA
SCL
DTL Tank 1
1060 turns
Ring
DTL Tanks 1-3
1.6x1014
0.15
Target
.
695 nsec
Figure 1: SNS Beam Commissioning Schedule
Figure 9.1: Beam commissioning during the SNS construction period, with the commissioning durations
indicated in red. Courtesy of SNS.
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BEAM COMMISSIONING TOOLS

Beam Diagnostic Systems
An overview of SNS diagnostic systems is given in [8].
The front-end diagnostic systems are utilized to quantify
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Figure 9.2: Operational metrics for the first 5 years of SNS operations following the initial proton beam
on target. The beam power is the maximum beam power delivered during each fiscal year. Courtesy of
SNS.

Following the initial delivery of a proton beam to the neutron target in 2019, including the commissioning of the initial set of instruments, a transition to a fully operational facility is planned. In this power
ramp-up period, the operational power on target, the operational hours per year, the machine reliability
and the number of operational instruments will approach the final facility performance levels, capable of
delivering the scientific productivity expected from ESS. Throughout this period there will be a transitional emphasis from accelerator and target development towards an emphasis on supporting the neutron
science.
As ESS represents unprecedented accelerator power levels and aims for world-class accelerator reliability, some years will be required to reach full capabilities. Low machine reliability in the initial years
during power ramp-up is expected for a new world-class, first-of-a-kind facility. As 2025 approaches, with
a large suite of instruments deployed, the disruptions caused by extended machine downtimes will have
more severe consequences, and there will be a larger resistance to any change in the accelerator operation
that may risk reliability. As such, an aggressive early push on the proton beam power ramp-up is planned,
which will help identify any machine weaknesses and allow for appropriate modifications before a large
neutron user community is in place at ESS.
This strategy is similar to that employed at SNS. The SNS original transition to operations plan
called for a rapid increase in beam power to 1.4 MW over three years, accompanied by slower increases
in beam reliability, neutron production hours and reliability [611]. Some actual SNS operational metrics
over the first five years following initial delivery of proton beam on target are shown in Figure 9.2. There
was an aggressive initial increase in the beam power over the first three years of operation. With the
aggressive push for extended high power accelerator operation during the SNS power ramp-up, equipment
shortcomings were identified early and efforts initiated for remediation. The identification of equipment
issues requiring upgrades in the initial years at SNS is reflected in the low initial level of machine reliability.
However, remedial actions taken during 2007-2009 led to reliability increases later on [612]. After 2009,
the supported neutron user base had significantly increased, and there was a growing resistance to risking
further beam power increases, which could adversely impact reliability [613].
After a neutron scattering instrument construction project is complete, it will enter a hot commissioning
phase, using the spallation neutrons to characterise the performance of the instrument. As part of the
instruments commissioning readiness review, the instrument team will have prepared a comprehensive
commissioning plan. At full power and 95% reliability, instrument commissioning will take at least six
months and could take up to two years. For instruments entering the commissioning phase in the initial
years of ESSs operations, these plans will take into account the fact that beam operations will be at low
power and low reliability. The scientific partners associated with the instrument will be working with the
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Figure 9.3: High-level goals during the transition period to full operations. Left: The accelerator parameters, indicating a rapid initial increase in power and reliability. Right: Estimates of delivered number of
instrument user days and number of days of beam study, approaching the design expectation at the end
of 2025.
instrument staff on the commissioning and subsequent early operations of the instruments. These partners
will be fully cognisant of the operational status and risks associated with experiments at a facility still
building up its experience and capabilities.
Taking into consideration the issues described above, a schedule for delivery of the high level ESS
performance goals by the end of 2025 is shown in Figure 9.3. The accelerator parameters shown in
Figure 9.3 (left) indicate an aggressive push early on, reaching 90% of full power within 3 years. Machine
reliability is expected to be quite low initially, as equipment issues are addressed. Approaching 95%
reliability at the end of the transition period will be one of the primary challenges. Figure 9.3 (right)
indicates the build-up of operational support for neutron science. Figure 9.4 presents the high level
schedule for the main activities and milestones for the transition to operations phase. In reality the
beam availability will be low and reliability poor in the initial stage of the commissioning with beam and
during the power ramp up. However, a preliminary operations schedule has been produced for planning
purposes [614] for the first year in the operations phase. This schedule is shown in Figure 9.5.

9.3

Conventional facilities

For conventional facilities, commissioning means bringing all the conventional parts and systems of the
facility, which are completed mechanically and electrically, into an operational state such that they perform
all intended functions and meet design criteria. Commissioning tests will verify that the works have been
carried out in conformance with technical specifications and relevant standards. When this is complete,
witnessed and documented, the plant is ready to be handed over for further installation and commissioning
of the related machine parts, that is, of the accelerator, target and instruments or parts thereof.
Commissioning requirements and methodology
The successful implementation of any installation plan is dependent on a properly conducted commissioning
procedure prior to handover. Conventional Facilities will already have ensured during the design stage that
the requirements and extent for the commissioning work have been clearly defined. Factory acceptance tests
and other special demands, if any, will have been specified. BLED databases will have been populated and
BIM guidelines will have been followed. The specification and design drawings will address and incorporate
appropriate facilities for commissioning. Subsequently, the system installation subcontractor during the
construction phase will be required to develop and submit a detailed commissioning method statement for
each system, specifying which tests are to be performed and how they will be carried out and documented.
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Figure 9.4: High level timelines for system commissioning during the transition to operations. Both
installation and commissioning activities, and operations activities fall within the operations phase of the
programme.
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Figure 9.5: Provisional beam schedule for the year when first neutrons are produced (2019), and for the
first year in the operations phase (2020). The schedule indicates when machine is shutdown (magenta),
when its is started (orange), when operated for machine studies (yellow) and when it is producing neutrons
(green). During power ramp-up and early commissioning stages the availability will be low and reliability
poor. During the long shut down in the winter-spring the high-β cryomodules will be installed and most
likely also instrument beam ports will be opened/installed.
Commissioning team
The conventional facility commissioning team will include a BMS subcontractor engineer, a subcontractor representative engineer, an ESS specialist consultant engineer and an ESS installation coordinator.
Additional personnel, including system specialists, will join the team as and when required.
Staged commissioning
In order to line up with time schedules for commissioning of the various machine parts, conventional facility
commissioning will be flexible and will be performed step-by-step. Conventional facility installation will
be logistically complicated, including temporary installations due to late completion of permanent infrastructure. Details will be developed as machine requirements are consolidated. A tentative conventional
facility commissioning time schedule is shown in Table 9.1. Generally the commissioning works will be
divided into adjustments and tests on completion. Tests on completion are divided into two stages. First,
functional tests verify that all requirements on a system are met when working in a stand-alone mode.
Second, coordinated tests verify that all requirements on a complete plant or building are met when all
relevant systems are in operation and are fully interconnected. Responsibility for carrying out adjustments
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Period

Facility

Summer 2015 to autumn 2016
Spring 2017 to winter 2017/18
Summer 2017 to winter 2018/19
Summer 2019
Summer 2019
Autumn 2019

Accelerator building
Target station building
Instrument buildings
Offices
Laboratories
Canteen and guest house

Table 9.1: Tentative conventional facility commissioning schedule.
and conducting tests rests with the subcontractor. It is the task of the subcontractor to prove that the
system installation is in accordance with the specification and all relevant norms and regulations. All tests
must be be documented in test records and these records will be a part of the handing-over documentation
submitted by the subcontractor.
Installation tests and other prerequisites for the commissioning works already will have been executed
during system installation works and will be governed by the respective quality system of the subcontractor
or, if works have been executed directly by ESS, by ESSs own Quality Manual. Any such quality system
will at minimum comply with AMA (Allmän Material och Arbetsbeskrivning) [578]. These prerequisites
include (but are not limited to) installation inspections including hidden works; flushing and leakage control
of all pipe works; cleaning and leakage control of all ventilation ducts; insulation resistance test and colour
coding of all electrical installations and cable works; labelling of all installations; and ensuring that the
building envelope or relevant part thereof is completed. Assemblies, apparatus and components – whether
separated or composite – must meet requirements on design, specifications and CE marking in accordance
with the European Machine Directive SS-EN ISO 12100:2010 and Swedish law (SFS 2011:791) as well as
the Work Environment Authority regulations (AFS 2008:3 and AFS 2009:5).
Documentation that must be available includes as-built drawings, an extensive photographic and video
database, and operation and maintenance manuals. Operating procedures will be developed and validated
as part of commissioning with associated training for ESS staff that will be responsible for operating the
systems. Consideration will also be given to developing a 3D data base for all structures and components
based on as-built conditions. When the above conditions have been fulfilled for a building and the service
systems in it, the building can be declared “ready-for-occupancy”. Note that SNS negotiated an intermediate completion stage called “ready for [machine] installation”, which allowed storage and early installation
work to begin before a building was “ready-for-occupancy”.

9.4

Accelerator

The installation of accelerator and target components will begin as soon as occupational readiness has
been achieved and buildings and the installation of infrastructure such as electricity, water, ventilation and
communications has been completed. The different subsystems will be installed and taken into operation
in stages, each with readiness reviews, ensuring that all dependencies of one subsystem on another are
fulfilled and verified. Completion of the readiness review, and follow-up on any review recommendations
will take place before beam commissioning begins. Detailed commissioning plans will be written for all
systems during the construction phase, at the same time that all necessary procedures, software tools and
instruments are developed. Commissioning plans will describe the goals for the commissioning stage and
the activities needed to achieve these goals.
Staged commissioning
The commissioning plan is based on the concept of a stepwise completion of the infrastructure and conventional facilities. In order to use the available time in an efficient manner, the linac tunnel, the klystron
building and the infrastructure are made available for commissioning in four stages, including supporting
infrastructure such as electrical power, cooling water, piping for cryogenic fluids, et cetera. Each stage allows the complete installation of a section of the accelerator and its associated support equipment. Section
commissioning will take place while work on the buildings for the next stage continues to take place.

9.4. ACCELERATOR
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The four stages, which also correspond to portions of the accelerator where beam-stops are planned for
tuning purposes during operation, are:
1. The front-end: ion source, LEBT, RFQ, and MEBT.
2. The drift tube linac
3. The superconducting linac with spoke resonators, all medium and high-β elliptical cavities.
4. The high energy beam transport and final approach to the target.
The initial stages cover relatively small sections of beam-line, but offer an early opportunity for integrated operation of systems needed for production of beam. Lessons learnt in this early period will
facilitate commissioning of the more involved later commissioning stages. This is a primary motivation
for striving for early stages of beam commissioning. Stages 1 and 2 require that electrical power, cooling
water and other services are installed. Cryogenics are not used until stages 3 and 4. Cryogenic plant
commissioning for the accelerator is thus part of stage 3.
The accelerator is planned to be taken into operation already after the commissioning of the medium-β
section, with a temporary drift section installed for the high-β section. The energy above 600 MeV will be
sufficient to drive the spallation reaction with a power of about 1 MW to 1.5 MW and produce neutron
beams. The cryomodules and associated RF equipment for the high-β section can then be installed during
the first three years of power ramp up. The installations would be carried out mainly during the long
annual shutdowns. The staged installation of the high-β cryomodules affects the power ramp-up only
marginally and it reduces schedule risk substantially.
Beam dumps and shielding
The beam destinations for the stages described above will have insertable beam stops for use during beam
study periods that can also be used for commissioning. The ionising radiation created by the beam on these
beam-dumps will be appropriately shielded with a temporary wall so that installation and construction
work may continue downstream. The insertable beam stops will receive beam up to the nominal energy
(at that position in the accelerator) and at the nominal current, but the beam pulses will be much shorter
than nominal, down to 10 to 20 µ s, and the pulse repetition rate will be much lower, so that radiation can
be kept at acceptable levels. It will still be possible to verify full operation of a majority of subsystems
during each of the three commissioning stages, however, because the instantaneous beam power will reach
its nominal value. Full power beam commissioning will be performed when the spallation target is in
operation, since the accelerator itself will not be equipped with a beam dump that can handle the full
average power of 5 MW
Testing before installation
Hardware components will arrive from factories and laboratories around the world for installation. All
major components will be tested before they are sent to Lund. This includes ion source, RFQ, DTL tanks,
cryomodules, RF sources and many other items. Linac structures will be tested at dedicated facilities at
several collaborating accelerator laboratories. The normal conducting accelerator up through the RFQ
will be tested for an extended amount of time, on the order of 6 months, at full power and with beam
before it is delivered to Lund.
There is a comprehensive plan for testing the linac RF and cryomodule components. Manufacturers
will test the RF klystrons as part of the acceptance criteria, and the high power modulators will be
tested in place as they are installed in the klystron gallery in Lund. Testing is also planned for the
superconducting cavities and cryomodules. Cavities will be tested in vertical tests to assure that they
meet the design criteria, including an appropriate margin to account for the typically higher vertical test
results compared to operation in a final horizontal assembly. Cavities that do not meet specifications will
be further processed as needed before assembly into strings used for cryomodule fabrication. The baseline
plan calls for cryomodules to be tested at high power at test stands in Uppsala (352 MHz structures) and
on-site in Lund (704 MHz elliptical structures). If the cryomodules do not meet specifications, they will
be shipped back to the manufacturer for repair.
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If the equipment delivery and installation schedule does not permit high power testing and repair of
cryomodules that do not meet full specification, another strategy is to install the cryomodules in the
tunnel as they arrive, forgoing the high power RF test, as was done at SNS. In this approach, some
installed cryomodules may need to be removed and upgraded later. The superconducting linac design is
quite flexible and can accommodate reduced superconducting cavity performance.
Under-performing installed cryomodules still provide some acceleration and additional neutron production. Also, because of the early cryomodule installation, the supporting RF systems will be subjected
to operational experience sooner. Cryomodule removal, upgrade and re-insertion in the linac would occur
during the power ramp-up period of 2019 – 2025. Spare cryomodules for each of the families are planned,
to facilitate this process, and missing cryomodules (taken out for repair) can also be tolerated for most
of the linac. Also, in situ plasma-processing cavity remediation techniques are under development at
SNS for the purpose of reducing the field-emission limitations, which is by far the most common type of
superconducting cavity operational limitation.
Commissioning with beam
Commissioning here means the initial operation of the linac sections with beam, after final installation
activities in Lund. System experts will develop plans and test each of the supporting technical systems
individually, prior to beam commissioning. It is foreseen that a readiness review with the Radiation Safety
Authority will occur prior to each stage of commissioning to ensure that adequate personnel and machine
protective controls are in place. The reviews will also cover individual system preparations and tests.
In each commissioning stage, an important part of the commissioning plan includes testing the machine
protection interlock systems with tightly controlled beam spills, to verify their integrity.
Stage 1: Front-end
The first commissioning stage encompasses the ion source, low energy beam transport, radio frequency
quadrupole, and medium energy beam transport. This section is about 10 m long altogether. Although
some of this equipment will have been run with beam at collaborator sites, this will be the first beam
acceleration at Lund. A key goal of this commissioning stage is integrated operation of all systems that
the ESS will use for the acceleration and control of beam. This portion of the accelerator does not require
tunnel enclosure, as the radiation levels will be minimal. In addition to verifying the integrated operation
of the ESS sub-systems (timing, machine protection, controls systems, magnets, RF, vacuum, cooling etc.),
beam quality will be quantified with a variety of measurements. The beam instrumentation group will test
beam position monitors, beam current monitors, emittance and profile-measurement systems. While much
of the RF equipment will have been tested before commissioning, the RF group will verify that the lowlevel RF system works properly with beam. This commissioning stage will also be the first opportunity for
high level software tools to be exercised, for instance trajectory correction, RF phase scans and transverse
matching.
Stage 2: Drift tube linac
The drift tube linac (DTL) will be installed in the linac tunnel, with supporting RF equipment in the
klystron gallery. It comprises about 30 m of beam-line. The beam destination is a planned beam stop in
a differential pumping section between the warm linac and the cold linac. This stage will involve the first
significant beam acceleration. The primary beam tuning in this stage will be setting the RF amplitude and
phase of the DTL klystrons. This will also provide an opportunity for testing system changes implemented
as a result of lessons learnt from the first stage of commissioning, and possibly further refined.
Stage 3: Superconducting linac
The superconducting linac includes the spoke, medium-β and high-β cavity family types, and drift sections
provided for future energy upgrade. It covers an energy range of about 80 MeV to 2500 MeV and corresponds to about 400 m. Beam will be directed to a straight-ahead tuning dump at the end of the linac,
which includes a small portion of the HEBT system. Using a beam-line without bends greatly simplifies
the beam tuning over such a wide energy range. The cryogenic system will be needed for this stage of
commissioning and this stage also represents the first large-scale use of high power RF with beam. Before
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beam commissioning commences, the RF group will qualify each superconducting cavity, to determine its
safe operational limits (without beam) in the actual ESS machine environment. This step will identify
upgrade needs for the superconducting RF equipment.
The primary beam tuning activity will be to set up each RF source with respect to the beam. Transverse
matching at the lattice transitions between cavity types will be done, and the beam quality at the final
energy will be measured with profile measurements. Running the superconducting RF with beam will
also provide an opportunity to test the feedback and feed-forward systems of the low-level RF systems
to compensate for the beam loading effects. Also, this will be the first opportunity to run beam at high
enough energy to get meaningful response from beam loss monitors, which are a critical protection element.
Stage 4: High energy beam transport and target approach
The final beam commissioning will take place through the high-energy beam transport (HEBT) system to
the target. Prior to commissioning, the target systems will need to be tested, and the systems reviewed
and approved for low power beam readiness. This includes the target and all supporting systems such as
the cryogenic moderators, shutters, neutron choppers, beam dump and initial beam instruments. Remote
handling methods for critical systems will have to be demonstrated. In addition to delivering the beam
to the target, this transport line has the important function of qualifying the beam properties as suitable
for high power delivery to the target. These systems will be commissioned at low power, and procedures
will include provisions for ensuring proper beam position, peak beam density, and allowable beam-halo
levels at the target (halo here refers to the radial extent of beam at the periphery of the target). Beam
diagnostics to be employed in this stage include profile measurements, beam position monitors, beam harp
device, halo measurement systems, and imaging systems for the beam at the vacuum window and at the
target.
Beam power ramp-up
A beam power ramp-up period will follow the initial delivery of beam on target, after a review of
operational-readiness-for-high-power is performed by the the Radiation Safety Authority.
The average proton beam power on target is the product of the beam energy, the beam current, the
beam macro-pulse length and the pulse repetition rate. Increases in average beam power will be modulated
primarily by incrementally increasing the repetition rate and the macro-pulse length. Initially, the pulse
repetition rate will be increased, reaching 14 Hz after about one year of operation. This will allow the
neutron instruments to be commissioned at their final 14 Hz data acquisition rate as soon as possible.
Also, some accelerator performance issues, such as Lorentz detuning, will be become more severe as the
pulse length increases, and increasing the pulse length may require more development time than increasing
the repetition rate. Pulse length issues will be investigated during beam study periods early on, at low
repetition rates. If the final beam energy is below the 2.5 GeV design level due to cryomodule performance,
the poor-performing structures will be swapped with spares, and re-worked in the planned superconducting
RF facility discussed above, during the period of 2019 – 2025.
Another important issue during the initial power ramp-up period is gaining an understanding of the
activation of the in-tunnel beam-line components from beam loss, and its impact on maintenance. Translating the beam loss monitor measurements during operation into residual activation of in-tunnel equipment
after beam shut-down is largely an empirical exercise. The previously described machine protection qualification during the initial beam-commissioning period serves the purpose of assuring prompt protection
against machine damage. However it is possible to cause significant residual activation of tunnel components with beam loss levels that do not cause equipment failure. To protect against buildup of higher than
expected residual activation, limits on slower, time-averaged beam loss measurements will be set based on
activation measurements taken in the tunnel. This effort will also involve optimisation of the placement
of loss monitors to ensure that beam loss monitors adequately cover all beam-line areas. The operational
run periods between residual activation measurement surveys will start at a frequency of every few days,
and be extended to once a month after four years (2023). The beam power increase from one run to the
next will be limited to less than a factor of two initially, and reduced to increases in the range from 10%
to 20% as the final 5 MW power level is approached.
As 2025 approaches, a primary operational constraint will be the 95% reliability goal. In particular,
downtimes covering fractions of a day or more are particularly disruptive for users. Many users will only
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System

Subsystem

Test

Target

Shaft and drive
Target segments
Target Safety System

Primary helium loop

Pump, heat exchanger, filter
Full loop with target
Nitrogen loop

Run at up to 25 Hz.
Leak test at pressure.
Demonstrate trip signals generated for all
defined cases.
Pressure and flow tests without target.
Full operational test without heat.
Pressure leak tests, full flow testing without heat.
Full heat load test with resistive heater.
Loop testing without moderators.
Loop testing with moderators.
Off normal and venting tests.
Pressure decay leak testing.
Fill and drain testing.
Full flow testing.
Demonstrate design gas flow rates, I&C.
Monolith helium fill and gas analysis.
Operational check of all warm helium systems.
Operational check.
Operational check and leak rate measurements.
Leak check, flow tests to stack or holding
tank.
Test cycle times, safety system performance.
Test leak tightness of all windows installed
on beam lines.
Test flow rates and leak tightness of dump.
Test all operations that require full remote
handling for beam operations > 100 kW.
Practise component replacement.
Test target disposal method.
Demonstrate proper operation and integration with overall ESS system.

Target secondary loop
Moderator

Helium refrigerator
Hydrogen loops
Hydrogen loops
Hydrogen loops
Reflector, PBW, shielding loops
Reflector, PBW, shielding loops
Reflector, PBW, shielding loops
Inert cover gas system
Monolith Helium system
Helium distribution

Water loops

Gas

Nitrogen distribution
Vacuum
Activated off-gas
Monolith

Primary shutters
Neutron beam windows

Remote handling

Beam dump cooling
Hot cell operations

Instrumentation & control

High bay operations
Waste handling
All subsystems

Table 9.2: Stage 1 target station commissioning tests, without beam.
be at ESS for two to three days, and will have invested considerable time into planning experiments. If
reliability is threatened by operation at higher power, the beam power will be limited to provide reliable
operation. A key effort for the accelerator system owners during the period 2019-2025 will be to identify
and remediate equipment issues that cause downtime. Also, exploiting the full flexibility inherent in a
superconducting linac design to maximise machine reliability will be useful for achieving 95% reliability.
For instance, it will be possible to continue running beam with an RF cavity or klystron offline, or even a
high voltage convertor modulator (powering two RF sources) offline, over much of the linac. Model-based
rapid adjustment of a superconducting RF linac setup to adapt to a failed cavity has been shown to
work [615]. Developing fault recovery tools to quickly adapt the accelerator setup to work around failed
components will be a major high level controls effort in the period 2019-2025.

9.5

Target station

The time frame for accelerator commissioning will be rather long. The target station will be the last major machine component to be commissioned. Target commissioning will demonstrate both the appropriate
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performance and also the safe functioning of the target systems during operation (with beam on target),
and also during maintenance. Operating procedures will be validated and documented and ESS operating staff trained. The commissioning will include the neutron production systems (target, moderators
and premoderators, proton beam window, etc.), the ancillary systems and the safety systems (shielding,
confinement barriers, etc.).
Stage 1: Commissioning without beam
The first stage of target commissioning will be performed without any beam on the target, allowing for
the correction and adjustment of parameters as necessary. A preliminary set of pre-beam commissioning
tests is given in Table 9.2.
This stage will proceed in parallel with accelerator commissioning, up until beam commissioning on
the tune-up beam dump system. Systems will initially be tested separately, followed by integrated system
testing with multiple systems including the overall instrumentation and control systems using documented
operating procedures. Physical and functional interfaces with the accelerator, instruments and conventional
facilities, which can be tested without beam, will be verified to be acceptable. Handling procedures and
tooling for components such as the target, which will be activated beyond hands-on levels even at low initial
beam power levels, will be fully demonstrated. Some safety functions will be tested in this stage (usage of
portable sealed sources, etc.), without creating any active inventory. Proper operation of all safety systems
required for beam operation will be tested and verified. Responsible engineering work package managers
will define the required testing for their systems.
Stage 2: Commissioning with low power beam
The second stage of target commissioning starts when the proton beam is first delivered to the target. A
preliminary set of low power commissioning tests is given in Table 9.3. The pace of the low power ramp
up may be limited by activation and contamination levels, in those cases in which “hands-on” levels are
desired for unexpected maintenance on systems such as primary loops and off-gas systems. Procedures for
the second stage of commissioning are still being defined.
Irradiation will start with very low power on target (of the order of 1% of the nominal 5 MW). Some
low power measurements will be performed before progressively increasing the power, with intermediate
stabilised plateaus. In this phase, first neutrons will be measured at the beam lines. Extensive radiation
surveys will be done to identify any shielding weaknesses. Some special tests can be done at this low power,
involving the safety interlock systems; for instance safety systems related to the beam profile shape can be
tested by reducing the beam spot size (something that can be done only at low power). The functioning of
systems like the heat removal system, or the cooling loops, can be tested and compared with predictions
from calculations, and with previous measurements done during the tests. While slowly increasing the
beam power, efforts will concentrate on the precise measurements of fluxes, on additional tests of the
cooling loops and heat removal systems, on radiation mappings, and on investigating the performance and
safety of the target station, to match the expected operating and licensing requirements.
Target beam commissioning includes tests and qualifications of the accelerator to target interface. Beam
profile measurements will be performed for both accelerator and target. The correct functioning of the beam
profile monitors is essential, as the peak current density will be controlled at all times during irradiation.
First neutrons will be detected by the instruments and moderator neutronic performance will be measured
and compared to acceptance criteria. Target station monitoring will be tested by validating and understand
control signals from the target, such as pressure sensors and target temperature measurements. When
possible, physical parameters will be measured directly by independent redundant systems through the
target control system, in order to cross check and validate the normal output signals.
Radiation protection monitoring will be performed at certain key points of the facility, including dose
measurements at the beam exits and radiation gas monitors. Spallation products (volatiles and possibly
non-volatiles) will be measured in the gas systems using conventional spectroscopy methods. One surprise
in SNS was that the xenon and krypton would adsorb on dust and also on the gold filter used to remove
mercury from the helium cover gas, which gave unexpectedly high dose rates in unexpected locations. For
ESS there might also be surprises from activated dust transport. There should also be an effort to evaluate
tritium production and transport. Another area of interest would be the production of free hydrogen and
oxygen in the water loops by radiolysis.
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System

Subsystem

Test

Target

Shaft and drive
Target Safety System

Run at 25 Hz.
Demonstrate front end trip for a loss
of rotation.
Establish beam density profile and location on target segments.
Compare measured temperatures with
predictions.
Measure activation in filter room due
to trapped dust.
Compare measured temperatures with
predictions.
Compare measured temperatures and
pressure fluctuations with predictions.
Measure brightness and time structure
from both moderators.
Measure vacuum levels with beam,
and measure activation.
Compare measured temperatures with
predictions.
Measure gas production by radiolysis.
Confirm normal operation with beam.
Measure dose rates and stack releases.
Measurements of spallation products
and comparison with predictions.
Survey all areas after each significant
increase in beam power.
Compare measured temperatures with
predictions.

Beam diagnostics
Primary helium loop

Pump, heat exchanger
Filter system

Target secondary loop

Nitrogen loop

Moderator

Full loop
Neutronic performance
Transfer lines

Water loops

Reflector, PBW, shielding loops

Gas

Inert cover gas system
All subsystems
Activated off-gas

Monolith

Shielding
Beam dump

Table 9.3: Stage 2 target station beam commissioning tests, with low power beam.
Safety barriers for the internal confinement of radioactive contamination will be tested, along with
zoning confinement for helium and hydrogen hazards. These functions are assured by the HVAC and
confinement devices (penetrations). Handling systems will be tested before active beam commissioning.
If possible, remote handling systems will be used during initial installation for the target, proton beam
window and moderator/reflector plugs. Hot cell operations that will be done remotely will be tested before
beam operations. The correct functionality of key waste handling operations will be demonstrated. The
interdependences of different target control sub-systems will be tested, including transient responses – for
example, moderator loop control system response to pressure transients. Protective actions will be tested
during integration with the overall accelerator control system, including alarm response procedures. Target
protection system and safety-related beam shutdown operations will be tested before first beam on target,
and also at low power.
Very low power target commissioning may be performed without some ancillary systems, but all ancillary systems must be fully operational well before full power operation.
Stage 3: Beam power ramp-up
As discussed in the accelerator section, following the initial target beam delivery, there will be a progressive
ramp-up of the beam power (energy and repetition rate). The target systems will have to withstand
operation at full power. This includes, for instance, the cryogenic loops, which will have to operate at
maximum heat deposition in the moderators, close to 10 kW per module. In general, most of the tests
listed in Table 9.3 will be repeated at full power to arrive at routine operation of the target. A key aspect
concerns safety, related to activation levels, shielding, and functioning of containment barriers. Radiation
levels and the residual neutron field outside the shielding will be monitored at full power.
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Instruments

For the neutron scattering instruments, the transition from the construction into operations has two phases
– cold and hot, as indicated in Figure 9.6.
Stage 1: Cold commissioning without neutrons
The end of the construction of an individual instrument is marked by a successful completion of the
“cold commissioning” phase, after which all instrument components function as anticipated for operations,
but without receiving neutrons from the target. High level instrument systems and tests are indicated in
Table 9.4. The end of cold commissioning for an instrument will be marked by a “readiness-for-operations”
document, approved by an appointed operations manager. The individual beam shutter cannot be opened
prior to this approval. The main focus of this phase is to ensure that all components and sub-systems
of an instrument system work according to specifications; that communication channels and exchange of
signals between accelerator and target are established and working; that safety-relevant systems such as
safety interlock systems work according to design and that their functionality complies with local rules
and regulations.
Stage 2: Hot commissioning with neutrons

Instrument number

Once an instrument is ready for “hot commissioning”, the focus is on testing it under real operational
conditions with an emphasis on finding and rectifying bugs and issues, and on keeping pace with the
proton beam power ramp up. Radiation surveys will be carried out at very low power on target. During
this period, extensive radiation surveys will be done to identify any shielding weaknesses as the accelerator
power is increased to its final operating power of 5 MW. The exact details for the hot commissioning of a
neutron scattering instrument will be detailed in the Instrument Commissioning Schedule.
In order to move the instrument from the commissioning phase into the operational user mode, further
administrative requirements include the availability of two database-driven systems, one of which accepts
proposals including user, sample, instrument, sample environment and scheduling information, and the
other of which tracks samples on their way through the facility, from arrival to check-and-release following
radiation protection procedures. Neutron scattering personnel will begin the transition from construction
into operations in 2019, in accordance with the construction schedule. Pre-operations – the beginning of
operations and use of laboratories such as sample environment, neutron optics or detectors – will already
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Construction
Hot commissioning
User operation

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

Year
Figure 9.6: Instrument construction schedule. The construction period for each instrument (green) ends
with “cold” commissioning, followed by a period of “hot” commissioning (red) before the instrument moves
into normal user operation (blue).
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Sub-system

Test

Choppers

Receive signals from accelerator timing system.
Feedback to instrument motion control, data acquisition and instrument control system.
Measure vacuum levels.
Feedback to instrument motion control, data acquisition and instrument control system.
Feedback to instrument motion control, data acquisition and instrument control system. Communicate with machine protection system.
Feedback to instrument motion control, data acquisition and instrument control system.
Access raw data from data acquisition system and conversion from
instrument coordinates to physical coordinates.
Access and analyse reduced data sets.
Archive and store data in accordance with data management policies.

Guides
Motion stages
Safety interlock system
Detectors & neutron monitors
Data reduction
Data analysis
Data storage

Table 9.4: Basic instrument systems tests during the cold (construction) and hot (operations) commissioning phases prior to user operation (operations), for instruments 1 to 22. Cold commissioning: Simulated
signals to test detector systems or using portable neutron source, if appropriate licensing is provided, with
instrument shutter closed. Instrument must be fully functional. Hot commissioning: Using spallation
neutrons coming from the target with instrument shutter open. Instrument must be fully functional.

have commenced in 2018, depending on when such laboratories are handed over as “ready-for-occupancy”
by Conventional Facilities.

9.7

Integrated control systems

A functioning control system is a pre-requisite for the commissioning and acceptance of all devices (accelerator, target, conventional facilities and instruments) for the operations phase. Core components of the
control system will be tested and accepted before installation of the accelerator, target and instruments
begins. High-level applications that will provide the integration of all devices via a uniform look-and-feel
to test and accept devices before and during beam commissioning will be developed in parallel with the
installation and commissioning of devices during the construction phase.
The core control system components are global timing, system services, machine protection and personnel protection. The global timing system provides clock synchronisation for all devices. System services
include management of alarms, the logging and archiving of data from process variables, management of
control system configuration settings and the post-mortem service for detailed analysis of events which
have caused the machine to shutdown or to stop proton beam production.
The machine protection system (MPS) is a non-safety class system whose purpose is to protect the
machines equipment from damage due to malfunctioning components (of equipment) and due to nonnominal and/or critical beam losses. If the MPS detects critical or non-nominal machine conditions, the
proton beam will be switched off and further beam injection will be inhibited until the origin of the failure
has been eliminated and further beam operation is considered to be safe. The personnel protection system
(PPS) is a safety-class system whose purpose is to protect personnel against unnecessary radiological
exposure from the ESS machine, electrical shock hazard and other dangerous phenomena (such as loss of
oxygen in the tunnel, helium release, etc.). If personnel enter into areas where exposure to radiation is
possible, no beam operation will be allowed and will be interrupted immediately.
All these systems must be tested and operational for the installation and commissioning of the machine
equipment with (and without) beam and will be fully exploited and integrated before the ESS operation
phase starts. An external review of the final control system is foreseen before formal operations can begin,
encompassing all aspects of the control system so that the necessary levels of security, safety, integration,
and reliability can be assured. If other control systems for some sub-systems are identified at this time,
which are not (yet) part of the ICS, these systems will be tagged for integration.
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Operational modes and support from MPS and PPS
The different configuration settings for all beam and machine modes will be located in a common database,
which is embedded in the ICS. The matrix shown in Figure 9.5 provides an overview of the currently
foreseen operational modes, i.e., of the various machine and beam mode combinations.
MPS and PPS must protect the machines equipment and ESS personnel, but at the same time, these
systems must support operational flexibility which is required during the installation, commissioning and
operation phases of the ESS machine. In this context, the ESS machine consists of the accelerator, target
station, ICS, energy platform, and conventional facility suite layout. It is important to define sequences
of actions to be taken in order to bring the machine, for example, from a state of maintenance to a state
in which it produces neutrons at full power; i.e., to operate the machine means to bring the machine into
different states. Several operational machine states have been identified, including maintenance, machine
development, restart, and full power neutron production among others. The states consist of several
operational modes, where each operational mode represents a combined set of one beam and one machine
mode.
A machine mode refers to a specific machine configuration and provides an overview of whether the
machine is powered or not, whether the machine (or parts of it) can be accessed by personnel or not, etc.
Additionally the machine mode defines the source and the intended destination of the proton and neutron
beams within the machine layout. Before starting any beam-based operation, all transport systems must
be ready and validated for the setting. The beam permit system, which is part of the MPS ,will perform
this validation. Different intended destinations for the proton beam are, for example, interceptive stops
such as Faraday cups, the tuning dump line or the target station.
The machines equipment will be installed and commissioned stepwise and the machine modes will be
set up according to these different steps, allowing for high operational flexibility. Especially during installation and commissioning, it must be possible to install equipment, for example, in the cold LINAC
while performing beam-based tests in the warm LINAC. In order to do so, the machine modes will also
be individually applicable for each segment of the machine and not for the full machine only. For example

RECOVERY

ABORT

NAHZ.segment

STANDBY.segment

x

x

x

x

x

x

STUDIES

CALIBRATION.segment

x

PRODUCTION.power

WARMUP.segment

x

PREPARE-TARGET.segment

ACCESS.segment

x

SETUP.segment

COOLDOWN.segment

NO-BEAM
PROBE-BEAM.segment
SETUP-BEAM.segment
PREPARE-PHYSICS-BEAM
STABLE-BEAM.power
BEAM-TRIP
BEAM-ABORT

MACHINE-MODE.qualifier

SHUTDOWN.segment

BEAM-MODE.qualifier

x
x
x

x
x
x
x
x
x
x

x
x
x

x

x

x

x

Table 9.5: Matrix of beam-modes and machine-modes. The segment mode qualifier refers to a part of
the machine. For example STANDBY.LINAC is true if the LINAC is ready for beam injection after it
has been fully tested. The power mode qualifier has values such as LOW-POWER and HIGH-POWER.
A cell marked with a cross “x” indicates that a beam-mode and a machine-mode have the potential to
both be simultaneously true. For example, the SETUP-BEAM beam-mode cannot be true if the ACCESS
machine-mode is true.
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ACCESS is a machine mode, which can be ON for the LEBT (i.e. access is allowed in the LEBT segment) but OFF for the DTL (i.e. access is not allowed in the DTL segment): ACCESS.LEBT=ON and
ACCESS.DTL=OFF. If access rights are violated, the access permit will be removed and possible beam
operation will be interrupted by the PPS. The machine mode SETUP validates the intended destinations
of the proton beam: SETUP.DTL.FC.4 indicates that the proton beam will be stopped in the fourth
Faraday cup in the DTL.
A beam mode is defined through specific beam parameters, such as peak current, pulse structure, beam
power, pulse repetition rate, etc. Several different types of beam modes are needed in order to commission
and operate the machine with beam in a safe way: beam parameters for the “probe beam mode are chosen
such that the beam is considered to be safe. A safe proton beam can reach any destination within the
accelerator and target station layout and has no potential to damage the equipment. The probe beam
settings can be different for the LINAC (ending in the tuning dump line) and the A2T line (ending in the
target station). Usually, the probe beam modes will be used in a first step of beam-based operation.
In a second step, the setup beam modes will be used to tune the accelerator and take measurements for
diagnostic purposes as well as for the preparation of the target station for full power neutron production.
After the accelerator and the target station have been prepared for full power production, the so-called
stable beam modes will be used to indicate a stable neutron production at medium or full power to the
different users. There are two more beam modes foreseen: beam trip and beam abort, where “beam
trip reflects a short interruption of the proton beam due to a minor problem of the machine and “beam
abort indicates a serious problem resulting in a longer interruption of beam and neutron production. The
beam permit system permanently crosschecks the beam parameter settings (for example, verifying that the
voltage on specific magnets is as expected for a given condition and mode) and if non-nominal conditions
are detected, beam operation will be interrupted by the MPS.
Controls commissioning strategy for device integration
The major structures in the facility – Accelerator, Target and Instruments – will be brought online in stages
during installation and commissioning. At every point in this process the control system for each of these
devices will have to be tested individually. The integration of these devices into the main control system
will occur as each of these devices is commissioned. The Controls Group will have an Integration Support
Group working in tandem with machine and neutron instrument personnel, to provide the necessary
support. The schedule for final control system integration will follow along with the end of commissioning
of the major structures. Following this step-by-step process, the ICS will be built for the entire facility.
Major sub-systems such as Cryogenics and Vacuum (and others) will be developed by outside contractors
and delivered to ESS. The ICS project team will accomplish the integration of their control systems into
the main Control System in time for the use of these systems for commissioning of the Machine and
Instruments.
Conventional facility controls
Electrical Power, Heating, Ventilation, Air Conditioning, and Water Systems as well as Safety and other
sub-systems provided by Conventional Facilities will be integrated early in the development of the Control
System, as they are also pre-requisites for the installation of the Machine and Instrument devices. The
schedule for the integration of these control systems will be determined by the delivery time of each
sub-system.
Main control room and data centre
The main control room will be the place where operations activities will be centred, and every part of
the machine will be controlled and monitored from this central location without exception. Neutron
Instruments will also be monitored from the main control room, but since neutron scientists will need
to be near their sample environments and data acquisition hardware, satellite control areas will exist.
These satellite areas will contain the systems needed for control and monitoring of instruments and sample
environment, which in most cases will only be monitors and user stations. In addition, data acquisition
for the experiments may also be controlled from these areas as the electronics for the experiments will be
located as close as possible to the sample environments in most cases.
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A secure and local data centre supports the control systems main control room where servers for both
the control system and immediate post-processing of data from the experiments will be housed. High-speed
and secure networks and data storage capabilities will provide the necessary computing infrastructure for
both machine and instrument operation. Data acquisition from the experiments will pass through this
data centre on its way to permanent storage and analysis at the DMSC facility in Copenhagen. Only
authorised personnel will have access to the main control room and related networks.
The control room will be built in at least two stages. During installation and commissioning of the
machine and the first instruments, a temporary control room will be built. The temporary control room
will serve the role of the main control room until the building where the main control room will be housed is
completed. Since the main control room will not contain any hardware, only monitors and control stations,
it will be possible to move operations from the temporary to the final control room relatively easily as
both rooms will exist in parallel for a time until the temporary control room can be decommissioned. The
final control room will be equipped with a kitchen, sleeping and rest rooms, showers and a reception.

9.8

Operational lessons learnt from other facilities

SNS target system reliability
In general target systems achieved high reliability with only a few exceptions. A number of factors that
are believed to have helped are:
1. Simplicity was emphasised in design.
2. All support systems and shielding were designed for full 2 MW operation.
3. Operating technician staff were in place for installation and commissioning and were very well trained
and had well developed normal-operating and alarm response procedures.
4. A full-scale prototypical primary mercury loop was constructed and operated leading to many improvements in the loop and target design. For example, extreme flow-induced cavitation was found
with the first target design, resulting in a redesign.
5. A prototypical cryogenic moderator loop was tested during preliminary design, which resulted in
changing the type of circulator and also validated the control system design with cold accumulator
to reduce pressure fluctuations.
6. Redundant pumps were used for all water loops with automatic switch over.
7. Extensive remote-handling testing was done both during early design and for over six months on-site
prior to first beam on target
SNS target system operations
1. Primary pump continuous testing was only done for a few days and did not identify a problem found
during the first long-term pump operation over a period of months. During operation, the vertical
shaft grease seal and also the helium barrier seal failed, requiring beam shut down and repairs.
2. Inadequate vendor monitoring of design changes in the moderator led to a problem with one short
supply tube and a moderator that could not operate at power. This was later repaired in place.
3. Deflections within the inner reflector plug during handling were not adequately evaluated and the
initial on-site lift may have contributed to transfer line leaks requiring removal and repair.
4. Not enough design work was done to develop leak check methods for the target mercury loop after a
target change. When one target did not pass the leak check after installation, there was an intense
effort to develop methods in a full remote-handling environment, which was difficult.
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5. The 7.5 kW moderator refrigerator had numerous problems and caused a loss of reliability during the
first few years. Installation of an instrument in the warm leg to the cold box detected hydrocarbons
coming from the compressor system and led to a final fix of the system. Such instrumentation should
be part of the initial design and refrigerator procurement should be closely monitored. Early on-site
testing is needed.
6. The accumulators in the moderator loops may be damaged or may leak, and should therefore be
designed to be accessible. Both SNS and J-PARC have had to replace an accumulator.
MEGAPIE target
Experience with the MEGAPIE target provides information concerning the design, construction, operation
and dismantling of a liquid metal target operating at the 1 MW level [616].
1. In general, simplification of the target design is desirable, for instance the use of only one electromagnetic pump, instead of two as were used in MEGAPIE.
2. For the heat removal system, it is desirable to avoid oil as a medium for an intermediate cooling
loop, and the corresponding fire safety equipment. Possible alternative solutions could be direct
water-cooling of LBE or an intermediate liquid metal loop.
3. Information stemming from the analysis of the operation of the gas systems includes: light gases are
the greatest contributors to pressure build-up in the target cover gas system. In the experiment, one
of the pressure transducers failed during operation, demonstrating the importance of having more
measuring devices for a reliable measuring system. Moreover, leaks of radioactive xenon isotopes
produced in the LBE were detected in the insulation gas system, corresponding to roughly 1% of the
amount of the total inventory in the cover gas system. The issue of leaks between target components
should be taken into account in the target design.
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[34] A. M. Hofmann, F. Wurm, E. Hühn, et al. ‘Hyperbranched polyglycerol-based lipids via oxyanionic
polymerization: Toward multifunctional stealth liposomes.’ Biomacromolecules, 11(3):568–574, 2010.
doi:10.1021/bm901123j. PMID: 20121134.
[35] S. V. Ghugare, E. Chiessi, B. Cerroni, et al. ‘Biodegradable dextran based microgels: A study on
network associated water diffusion and enzymatic degradation.’ Soft Matter, 8(8):2494–2502, 2012.

BIBLIOGRAPHY

617
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[133] C. R. Gardner, C. T. Walsh, and Ö. Almarsson. ‘Drugs as materials: Valuing physical form in drug
discovery.’ Nature Reviews Drug Discovery, 3(11):926–934, 2004.
[134] J. Bauer, S. Spanton, R. Henry, et al. ‘Ritonavir: An extraordinary example of conformational
polymorphism.’ Pharmaceutical Research, 18(6):859–866, 2001.
[135] C. K. Leech, S. A. Barnett, K. Shankland, et al. ‘Accurate molecular structures and hydrogen
bonding in two polymorphs of ortho-acetamidobenzamide by single-crystal neutron diffraction.’ Acta
Crystallographica Section B: Structural Science, 62(5):926–930, 2006.
[136] M. R. Johnson, M. Prager, H. Grimm, et al. ‘Methyl group dynamics in paracetamol and acetanilide:
Probing the static properties of intermolecular hydrogen bonds formed by peptide groups.’ Chemical
Physics, 244(1):49–66, 1999.
[137] H. N. Bordallo, B. A. Zakharov, E. V. Boldyreva, et al. ‘Application of incoherent inelastic neutron
scattering in pharmaceutical analysis: Relaxation dynamics in phenacetin.’ Molecular Pharmaceutics, 9(9):2434–2441, 2012. doi:10.1021/mp2006032.
[138] M. D. King, A. R. Rennie, K. C. Thompson, et al. ‘Oxidation of oleic acid at the air-water interface
and its potential effects on cloud critical supersaturations.’ Physical Chemistry Chemical Physics,
11(35):7699–7707, 2009. ISSN 1463-9076. doi:{10.1039/b906517b}.
[139] M. D. King, A. R. Rennie, C. Pfrang, et al. ‘Interaction of nitrogen dioxide (NO2) with a monolayer
of oleic acid at the air-water interface - A simple proxy for atmospheric aerosol.’ Atmospheric
Environment, 44(14):1822–1825, May 2010. ISSN 1352-2310. doi:{10.1016/j.atmosenv.2010.01.031}.
[140] H. M. Kwaambwa, M. Hellsing, and A. R. Rennie. ‘Adsorption of a water treatment protein from
Moringa oleifera seeds to a silicon oxide surface studied by neutron reflection.’ Langmuir, 26(6):3902–
3910, Mar 2010. ISSN 0743-7463. doi:{10.1021/la9031046}.
[141] P. Westerhoff and B. Nowack. ‘Searching for global descriptors of engineered nanomaterial fate and
transport in the environment.’ Accounts of Chemical Research, 2012.
[142] F. Ridi, E. Fratini, and P. Baglioni. ‘Cement: A two thousand year old nano-colloid.’ Journal of
Colloid and Interface Science, 357(2):255–264, 2011.
[143] H. N. Bordallo, L. P. Aldridge, and A. Desmedt. ‘Water dynamics in hardened ordinary portland
cement paste or concrete: From quasielastic neutron scattering.’ The Journal of Physical Chemistry
B, 110(36):17966–17976, 2006.

BIBLIOGRAPHY

623

[144] H. N. Bordallo, L. P. Aldridge, P. Fouquet, et al. ‘Hindered water motions in hardened cement pastes
investigated over broad time and length scales.’ ACS Applied Materials & Interfaces, 1(10):2154–
2162, 2009. doi:10.1021/am900332n. PMID: 20355849.
[145] N. Malikova, S. Longeville, J. M. Zanotti, et al. ‘Signature of low-dimensional diffusion in complex
systems.’ Physical Review Letters, 101(26):265901, 2008.
[146] D. Pearson, A. Allen, C. G. Windsor, et al. ‘An investigation on the nature of porosity in hardened
cement pastes using small angle neutron scattering.’ Journal of Materials Science, 18(2):430–438,
1983.
[147] K. D. Knudsen, J. O. Fossum, G. Helgesen, et al. ‘Pore characteristics and water absorption in a
synthetic smectite clay.’ Journal of Applied Crystallography, 36(3):587–591, 2003.
[148] I. Vouldis et al. Novel Materials for Energy Applications: A Decade of EU-Funded Research. European Communities, 2009. ISBN 978-92-79-11379-6.
[149] M. Karlsson. ‘Perspectives of neutron scattering on proton conducting oxides.’ Dalton Transactions,
42(2):317–29, Jan 2013.
[150] I. Ahmed, C. S. Knee, M. Karlsson, et al. ‘Location of deuteron sites in the proton conducting
perovskite BaZr0.50 In0.50 O3−y .’ Journal of Alloys and Compounds, 450(1-2):103–110, Feb 2008.
ISSN 0925-8388. doi:10.1016/j.jallcom.2006.11.154.
[151] J.-C. Perrin, S. Lyonnard, and F. Volino. ‘Quasielastic neutron scattering study of water dynamics
in hydrated nafion membranes.’ The Journal of Physical Chemistry C, 111(8):3393–3404, 2007.
doi:10.1021/jp065039q.
[152] M. Karlsson, D. Engberg, et al. ‘Using neutron spin-echo to investigate proton dynamics in protonconducting perovskites.’ Chemistry of Materials, 22(3):740–742, 2010. doi:10.1021/cm901624v.
[153] M. Strobl, I. Manke, N. Kardjilov, et al. ‘Advances in neutron radiography and tomography.’ Journal
of Physics D: Applied Physics, 42(24):243001, 2009.
[154] V. K. Peterson, Y. Liu, C. M. Brown, et al. ‘Neutron powder diffraction study of D2 sorption
in Cu3 (1,3,5-benzenetricarboxylate)2 .’ Journal of the American Chemical Society, 128(49):15578–
15579, 2006. doi:10.1021/ja0660857.
[155] T. Yildirim and M. R. Hartman. ‘Direct observation of hydrogen adsorption sites and nanocage
formation in metal-organic frameworks.’ Physical Review Letters, 95:215504, Nov 2005. doi:10.1103/
PhysRevLett.95.215504.
[156] X. Lin, I. Telepeni, A. J. Blake, et al. ‘High capacity hydrogen adsorption in Cu(II) tetracarboxylate
framework materials: The role of pore size, ligand functionalization, and exposed metal sites.’ Journal
of the American Chemical Society, 131(6):2159–2171, 2009.
[157] J. M. Simmons, T. Yildirim, A. Hamaed, et al. ‘Direct observation of activated hydrogen binding
to a supported organometallic compound at room temperature.’ Chemistry-A European Journal,
18(14):4170–4173, 2012.
[158] P. A. Georgiev, D. K. Ross, A. D. Monte, et al. ‘In situ inelastic neutron scattering studies of
the rotational and translational dynamics of molecular hydrogen adsorbed in single-wall carbon
nanotubes (SWNTs).’ Carbon, 43(5):895–906, 2005. ISSN 0008-6223. doi:10.1016/j.carbon.2004.11.
006.
[159] A. J. Ramirez-Cuesta and P. C. H. Mitchell. ‘Hydrogen adsorption in a copper ZSM5 zeolite:
An inelastic neutron scattering study.’ Catalysis Today, 120(3-4):368–373, 2007. ISSN 0920-5861.
doi:10.1016/j.cattod.2006.09.024. Proceedings of the Korea Conference on Innovative Science and
Technology (KCIST-2005): Frontiers in Hydrogen Storage Materials and Technology.

624

BIBLIOGRAPHY

[160] F. Salles, D. I. Kolokolov, H. Jobic, et al. ‘Adsorption and diffusion of H2 in the MOF type
systems MIL-47(V) and MIL-53(Cr): A combination of microcalorimetry and QENS experiments
with molecular simulations.’ The Journal of Physical Chemistry C, 113(18):7802–7812, 2009. doi:
10.1021/jp811190g.
[161] F. M. Mulder, B. Assfour, J. Huot, et al. ‘Hydrogen in the metal-organic framework Cr MIL-53.’
The Journal of Physical Chemistry C, 114(23):10648–10655, 2010. doi:10.1021/jp102463p.
[162] L. Ulivi, M. Celli, A. Giannasi, et al. ‘Inelastic neutron scattering from hydrogen clathrate hydrates.’
Journal of Physics: Condensed Matter, 20(10):104242, 2008.
[163] P. A. Georgiev, A. Giannasi, D. K. Ross, et al. ‘Experimental Q-dependence of the rotational J=0to-1 transition of molecular hydrogen adsorbed in single-wall carbon nanotube bundles.’ Chemical
Physics, 328(1):318–323, 2006.
[164] M. M. Murshed and W. F. Kuhs. ‘Kinetic studies of methane–ethane mixed gas hydrates by neutron
diffraction and Raman spectroscopy.’ The Journal of Physical Chemistry B, 113(15):5172–5180,
2009. doi:10.1021/jp810248s. PMID: 19354304.
[165] D. K. Staykova, W. F. Kuhs, A. N. Salamatin, et al. ‘Formation of porous gas hydrates from ice
powders: Diffraction experiments and multistage model.’ The Journal of Physical Chemistry B,
107(37):10299–10311, 2003. doi:10.1021/jp027787v.
[166] N. Sharma, V. K. Peterson, M. M. Elcombe, et al. ‘Structural changes in a commercial lithium-ion
battery during electrochemical cycling: An in situ neutron diffraction study.’ Journal of Power
Sources, 195(24):8258–8266, 2010. ISSN 0378-7753. doi:10.1016/j.jpowsour.2010.06.114.
[167] N. Kardjilov, A. Hilger, I. Manke, et al. ‘Industrial applications at the new cold neutron radiography
and tomography facility of the HMI.’ Nuclear Instruments and Methods A, 542(1-3):16–21, 2005.
ISSN 0168-9002. doi:10.1016/j.nima.2005.01.005. Proceedings of the Fifth International Topical
Meeting on Neutron Radiography — ITMNR-5.
[168] A. Senyshyn, M. Mhlbauer, K. Nikolowski, et al. ‘“In-operando” neutron scattering studies on Li-ion
batteries.’ Journal of Power Sources, 203(0):126–129, 2012. ISSN 0378-7753. doi:10.1016/j.jpowsour.
2011.12.007.
[169] W. Schweika, R. P. Hermann, M. Prager, et al. ‘Dumbbell rattling in thermoelectric zinc antimony.’
Physical Review Letters, 99:125501, Sep 2007. doi:10.1103/PhysRevLett.99.125501.
[170] M. Christensen, A. B. Abrahamsen, N. B. Christensen, et al. ‘Avoided crossing of rattler modes in
thermoelectric materials.’ Nature Materials, 7(10):811–815, 2008. ISSN 14761122.
[171] H.-R. Wenk. ‘Application of neutron scattering in earth sciences.’ JOM (member journal of
the Minerals, Metals and Materials Society), 64:127–137, 2012. ISSN 1047-4838. doi:10.1007/
s11837-011-0223-y.
[172] G. Grellet-Tinner, C. M. Sim, D. H. Kim, et al. ‘Description of the first lithostrotian titanosaur
embryo in ovo with neutron characterization and implications for lithostrotian Aptian migration and
dispersion.’ Gondwana Research, 20(2-3):621–629, 2011. ISSN 1342-937X. doi:10.1016/j.gr.2011.02.
007.
[173] A. D. Fortes, I. G. Wood, D. Grigoriev, et al. ‘No evidence for large-scale proton ordering in Antarctic
ice from powder neutron diffraction.’ The Journal of Chemical Physics, 120:11376, 2004.
[174] S. Siano, W. Kockelmann, U. Bafile, et al. ‘Quantitative multiphase analysis of archaeological bronzes
by neutron diffraction.’ Applied Physics A: Materials Science & Processing, 74:1139–1142, 2002.
[175] F. Grazzi, L. Bartoli, F. Civita, et al. ‘Neutron diffraction characterization of Japanese artworks of
Tokugawa age.’ Analytical and Bioanalytical Chemistry, 395(7):1961–1968, 2009.

BIBLIOGRAPHY

625

[176] F. Grazzi, L. Bartoli, F. Civita, et al. ‘From Koto age to modern times: Quantitative characterization of Japanese swords with time of flight neutron diffraction.’ Journal of Analytical Atomic
Spectrometry, 26(5):1030–1039, 2011.
[177] F. Grazzi, P. Pallecchi, P. Petitti, et al. ‘Non-invasive quantitative phase analysis and microstructural
properties of an iron fragment retrieved in the copper-age Selvicciola Necropolis in southern Tuscia.’
Journal of Analytical Atomic Spectrometry, 27(2):293–298, 2012.
[178] F. Salvemini, F. Grazzi, S. Peetermans, et al. ‘Quantitative characterization of Japanese ancient swords through energy-resolved neutron imaging.’ Journal of Analytical Atomic Spectrometry,
27:1494–1501, 2012. doi:10.1039/C2JA30035D.
[179] S. Paul. ‘The neutron and the universe–History of a relationship.’ arXiv preprint arXiv:1205.2451,
2012.
[180] J. Rathsman, P. Christiansen, and M. Lindroos, editors. Proceedings from the Workshop on Neutron,
Nuclear, Neutrino, Muon and Medical Physics at ESS (3N2MP). Lund, 2009.
[181] ‘ESS Science and Scientists: Fundamental Physics Parallel Session.’ Berlin, Apr 2012.
[182] V. Cirigliano, Y. Li, S. Profumo, et al. ‘MSSM baryogenesis and electric dipole moments: An update
on the phenomenology.’ Journal of High Energy Physics, pages 1–23, 2010.
[183] C. A. Baker, D. D. Doyle, P. Geltenbort, et al. ‘Improved experimental limit on the electric dipole
moment of the neutron.’ Physical Review Letters, 97(13):131801, 2006.
[184] V. V. Fedorov, I. A. Kuznetsov, et al. ‘Neutron spin optics in noncentrosymmetric crystals as a new
way for nEDM search.’ Nuclear Instruments and Methods B, 252:131–135, 2006.
[185] P. A. Vetter et al. ‘Search for oscillation of the electron-capture decay probability of 1 42Pm.’ Physics
Letters B, 670(3):196–199, 2008.
[186] M. Baldo-Ceolin et al. ‘A new experimental limit on neutron-antineutron oscillations.’ Zeitschrift
für Physik C Particles and Fields, 63:409–416, Feb 1994.
[187] H. V. Klapdor-Kleingrothaus, E. Ma, and U. Sarkar. ‘Baryon and lepton number violation with
scalar bilinears.’ Modern Physics Letters A, 17(33):2221–2228, 2002.
[188] H. Rauch and S. A. Werner. Neutron Interferometry. Clarendon Press, Oxford, 2000.
[189] H. Bartosik, J. Klepp, C. Schmitzer, et al. ‘Experimental test of quantum contextuality in neutron
interferometry.’ Physical Review Letters, 103(040403), Jul 2009.
[190] H. Abele et al. ‘Qubounce: The dynamics of ultra-cold neutrons falling in the gravity potential of
the Earth.’ Nuclear Physics A, 827:593c–595c, Aug 2009.
[191] J. S. Bell. ‘On the Einstein Podolsky Rosen paradox.’ Physics, 1(3):195, 1964.
[192] S. Kochen and E. Specker. ‘The problem of hidden variables in quantum mechanics.’ Journal of
Mathematics and Mechanics, 17(1):59–87, 1967.
[193] W. Schott, T. Faestermann, P. Fierlinger, et al. ‘An experiment to measure the bound-beta decay of
the free neutron.’ Hyperfine Interactions, 193(1–3):269–274, 2009. doi:10.1007/s10751-009-0011-z.
[194] L. L. Nemenov. ‘Neutron decay into a hydrogen atom and an anti-neutrino.’ Soviet Journal of
Nuclear Physics, 31:115–119, 1980.
[195] L. L. Nemenov and A. A. Ovchinnikova. ‘Effects of scalar and tensor interactions on the atomic decay
of the neutron, n. −− >. H+n-bar.’ Soviet Journal of Nuclear Physics (Eng. Trans.), 31:659–660,
1980.
[196] W. Schott et al. ‘An experiment for the measurement of the bound-beta decay of the free neutron.’
European Physical Journal A, 30:603–611, 2006.

626

BIBLIOGRAPHY

[197] J. Byrne. ‘Two-body decay of the neutron: A possible test for the existence of right-handed weak
currents.’ EPL (Europhysics Letters), 56(5):633, Dec 2001.
[198] H. Abele et al. ‘Is the unitarity of the quark-mixing CKM matrix violated in neutron beta-decay?’
Physical Review Letters, 88(211801), May 2002.
[199] K. H. Klenø, K. Lieutenant, K. H. Andersen, et al. ‘Systematic performance study of common
neutron guide geometries.’ Nuclear Instruments and Methods A, 696:75–84, 2012.
[200] T. Kamiyama. Private communication, 2012.
[201] K. L. Krycka, R. A. Booth, C. R. Hogg, et al. ‘Core-shell magnetic morphology of structurally
uniform magnetite nanoparticles.’ Physical Review Letters, 104:207203, May 2010. doi:10.1103/
PhysRevLett.104.207203.
[202] P. Mueller-Bushbaum, E. Metwalli, J.-F. Moulin, et al. ‘Time of flight grazing incidence small angle
neutron scattering.’ European Physics Journal Special Topics, 167:107–112, 2009. doi:10.1140/epjst/
e2009-00944-5.
[203] J. Stahn, U. Filges, and T. Panzner. ‘Focusing specular neutron reflectometry for small samples.’
The European Physical Journal - Applied Physics, 58(01), 2012.
[204] M. Ohl, M. Monkenbusch, N. Arend, et al. ‘The spin-echo spectrometer at the Spallation Neutron
Source (SNS).’ Nuclear Instruments and Methods A, 696:85–99, 2012. doi:http://dx.doi.org.ludwig.
lub.lu.se/10.1016/j.nima.2012.08.059.
[205] P. Fouquet, G. Ehlers, B. Farago, et al. ‘The wide-angle neutron spin echo spectrometer project
WASP.’ Journal of Neutron Research, 15:39–47, 2007. doi:10.1080/10238160601048791.
[206] M. Karlsson, P. Fouquet, I. Ahmed, et al. ‘Dopant concentration and short-range structure dependence of diffusional proton dynamics in hydrated BaInx Zr1−x O3−x/2 (x = 0.10 and 0.50).’ Journal
of Physical Chemistry C, 114:3292–3296, 2010. doi:10.1021/jp910224s.
[207] F. Tasset. ‘Zero field neutron polarimetry.’ Physica B, 157:627–630, 1989.
[208] K. Zeitelhack. ‘Report on the International Collaboration of Neutron Detectors.’ He-3 Replacements
Workshop, IEEE Nuclear Science Symposia, 2011.
[209] A. Cho. ‘Helium-3 shortage could put freeze on low-temperature research.’ Science, 326(5954):778–
779, 2009. doi:10.1126/science.326 778.
[210] D. Kramer. ‘For some, helium-3 supply picture is brightening.’ Physics Today, 64:20, 2011.
[211] D. A. Shea and D. Morgan. ‘The helium-3 shortage: Supply, demand, and options for Congress.’
Congressional Research Service, Library of Congress, http://digital.library.unt.edu/ark:
/67531/metadc31373/, Sep 2010.
[212] T. M. Persons and G. Aloise. ‘Neutron detectors: Alternatives to using helium-3.’ United States
Government Accountability Office GAO-11-753, Sep 2011.
[213] International Collaboration for the Development of Neutron Detectors. www.icnd.org, last accessed
Jan 2013.
[214] 2nd International 10B BF3 Detectors Workshop, 2012.
[215] O. Knotek, E. Lugscheider, and C. W. Siry. ‘Tribological properties of B—C thin films deposited by
magnetron-sputter-ion plating method.’ Surface and Coatings Technology, 91(3):167–173, 1997.
[216] S. Ulrich, T. Theel, J. Schwan, et al. ‘Magnetron-sputtered superhard materials.’ Surface and
Coatings Technology, 97(1):45–59, 1997.
[217] M. J. Zhou, S. F. Wong, C. W. Ong, et al. ‘Microstructure and mechanical properties of B4 C films
deposited by ion beam sputtering.’ Thin Solid Films, 516(2):336–339, 2007.

BIBLIOGRAPHY

627

[218] M. L. Wu, J. D. Kiely, T. Klemmer, et al. ‘Process–property relationship of boron carbide thin films
by magnetron sputtering.’ Thin Solid Films, 449(1):120–124, 2004.
[219] S. Ulrich, H. Ehrhardt, J. Schwan, et al. ‘Subplantation effect in magnetron sputtered superhard
boron carbide thin films.’ Diamond and Related Materials, 7(6):835–838, 1998.
[220] O. Tavsanoglu, O. A. Yucel, and M. Jeandin. ‘A functionally graded design study for boron carbide
and boron carbonitride thin films deposited by plasma-enhanced dc magnetron sputtering.’ In TMS
Annual Meeting 1, pages 279–285. 2008.
[221] C. Hoglund, J. Birch, K. Andersen, et al. ‘B4 C thin films for neutron detection.’ Journal of Applied
Physics, 111(10):104908–104908, 2012.
[222] European Spallation Source AB. ‘A method for producing a neutron detector component comprising a boron carbide layer for use in a neutron detecting device.’ international patent application
number PCT/SE2011/050891 http://patentscope.wipo.int/search/en/detail.jsf?docId=
WO2013002697&recNum=287&docAn=SE2011050891&queryString=evaporators&maxRec=194643, 30
Jun 2011.
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[264] P. D. Adams, P. V. Afonine, G. Bunkóczi, et al. ‘PHENIX: a comprehensive Python-based system
for macromolecular structure solution.’ Acta Crystallographica Section D, 66(2):213–221, Feb 2010.
doi:10.1107/S0907444909052925. See also PHENIX homepage www.phenix-online.org.
[265] ‘Single sign-on - Wikipedia, the free encyclopedia.’
sign-on, last accessed Jan 2013.

http://en.wikipedia.org/wiki/Single_

[266] ‘PANDATA.’ http://www.pan-data.eu, last accessed Jan 2013.
[267] ‘The Cluster of Resarch Infrastructures for Synergies in Physics (CRISP).’ http://www.crisp-fp7.
eu, last accessed Jan 2013.
[268] ‘eduroam.’ http://www.eduroam.org, last accessed Jan 2013.
[269] M. Fromme, A. Houben, K. Lieutenant, et al. ‘Virtual Instrumentation Tool for Neutron Scattering at
Pulsed and Continuous Sources.’ http://www.helmholtz-berlin.de/forschung/grossgeraete/
neutronenstreuung/projekte/vitess/index_en.html, last accessed Jan 2013.
[270] C. L. Jacobsen and S. Skelboe. ‘Data format at ESS for data acquisition and storage.’ Technical
Report, University of Copenhagen, 2013.
[271] S. Campbell. ‘ADARA - Initial test of live streaming reduction.’ http://www.youtube.com/watch?
v=iGAIWoPMbL4&feature=plcp, Aug 2012. YouTube.
[272] S. Campbell. ‘ADARA - Testing multiple listeners and reduction paths.’ https://www.youtube.
com/watch?feature=player_detailpage&v=vP4KiiwBh08, Aug 2012. YouTube.
[273] ‘ROOT - A Data Analysis Framework.’ http://root.cern.ch/drupal/, last accessed Jan 2013.
[274] ‘NeXus scientific data format.’ http://www.nexusformat.org/, last accessed Jan 2013.
[275] ‘ICAT.’ http://www.icatproject.org, last accessed Jan 2013.

630

BIBLIOGRAPHY

[276] T. Otomo. Private communication, Sep 2012.
[277] P. Peterson, M. Doucet, S. Campbell, et al. ‘Live analysis and high performance computing at SNS.’
NOBUGS (New Opportunities for Better User Group Software) 2012 presentation, September 24-26
2012.
[278] L. Mohanambe and S. Vasudevan. ‘Anionic clays containing anti-inflammatory drug molecules: Comparison of molecular dynamics simulation and measurements.’ The Journal of Physical Chemistry
B, 109(32):15651–15658, 2005. doi:10.1021/jp050480m. PMID: 16852983.
[279] P. M. Bentley and R. Cywinski. ‘Evidence for a spin emulsion.’ Physical Review Letters, 101:227202,
Nov 2008. doi:10.1103/PhysRevLett.101.227202.
[280] S. L. Holm and K. Lefmann. Private communication, 2012. Niels Bohr Institute, University of
Copenhagen.
[281] J. C. Smith. Private communication, 2012.
[282] R. J.-M. Pellenq, A. Kushima, R. Shahsavari, et al. ‘A realistic molecular model of cement hydrates.’
Proceedings of the National Academy of Sciences, 106(38):16102–16107, 2009. doi:10.1073/pnas.
0902180106.
[283] J. J. Thomas, H. M. Jennings, and A. J. Allen. ‘Relationships between composition and density of tobermorite, jennite, and nanoscale CaOSiO2 H2 O.’ The Journal of Physical Chemistry C,
114(17):7594–7601, 2010. doi:10.1021/jp910733x.
[284] Y. Miao, Z. Yi, C. Cantrell, et al. ‘Coupled flexibility change in cytochrome P450cam substrate
binding determined by neutron scattering, NMR, and molecular dynamics simulation.’ Biophysical
Journal, 103:2167–2176, 2012.
[285] U. Ryde, L. Olsen, and K. Nilsson. ‘Quantum chemical geometry optimizations in proteins using
crystallographic raw data.’ Journal of Computational Chemistry, 23(11):1058–1070, 2002. ISSN
1096-987X. doi:10.1002/jcc.10093.
[286] ‘Stochfit-Stochastic Methods for Modeling X-ray and Neutron Reflectometry.’ http://stochfit.
sourceforge.net/, last accessed Jan 2013.
[287] S. M. Danauskas, D. Li, M. Meron, et al. ‘Stochastic fitting of specular X-ray reflectivity data
using StochFit.’ Journal of Applied Crystallography, 41(6):1187–1193, Dec 2008. doi:10.1107/
S0021889808032445.
[288] M. Björck and G. Andersson. ‘GenX: An extensible X-ray reflectivity refinement program utilizing
differential evolution.’ Journal of Applied Crystallography, 40(6):1174–1178, Dec 2007. doi:10.1107/
S0021889807045086.
[289] ‘GenX.’ http://genx.sourceforge.net/index.html, last accessed Jan 2013.
[290] T. Perring. ‘Advanced visualisation and quantification of neutron data.’ NOBUGS (New Opportunities for Better User Group Software) 2012 presentation, September 2012.
[291] ‘Horace.’ http://horace.isis.rl.ac.uk/, last accessed Jan 2013.
[292] ‘TobyFit.’ http://tobyfit.isis.rl.ac.uk/, last accessed Jan 2013.
[293] ‘McPhase.’ http://www.mcphase.de/, last accessed Jan 2013.
[294] ‘SansView.’ http://danse.chem.utk.edu/sansview.html, last accessed Jan 2013.
[295] ‘Atomic Simulation Environment.’ https://wiki.fysik.dtu.dk/ase/, last accessed Jan 2013.
[296] G. Kresse and J. Furthmüller. ‘Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set.’ Computational Materials Science, 6:15, 1996. See also
http://www.vasp.at.

BIBLIOGRAPHY

631

[297] G. Kresse and J. Furthmüller. ‘Efficient iterative schemes for ab initio total-energy calculations using
a plane-wave basis set.’ Physical Review B, 54:11169, 1996. See also http://www.vasp.at.
[298] S. J. Plimpton. ‘Fast parallel algorithms for short-range molecular dynamics.’ Journal of Computational Physics, 117, 1995. See also http://lammps.sandia.gov/index.html.
[299] F. Plewinski. ‘Description of the target station barriers and zones.’ Technical Report EDMS 1253318,
European Spallation Source, 2012.
[300] R. Hanslik, M. Butzek, J. Bajus, et al. ‘Design of the ESS target station shielding.’ Technical Report
ESS 03-150-T, Forschungszentrums Jülich, 2003.
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Forschungszentrums Jülich 4225, ISSN 0944-2952, D468, Forschungszentrums Jülich, 2006.
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exploitation des matériels des Chaudières Electro Nucléaires). ‘RCC-MR:2007 – design and construction rules for mechanical components of nuclear installations applicable to high temperature
structures and to the ITER vacuum vessel.’ http://www.afcen.org/, 2007.
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22 Feb 2013.
[586] Protection against lightning - Part 1: General principles. SS-EN 62305-1, 2nd edition, 2011.
[587] Protection against lightning - Part 2: Risk management. SS-EN 62305-2, 2nd edition, 2012.
[588] Protection against lightning - Part 3: Physical damage to structures and life hazard. SS-EN 62305-3,
2nd edition, 2011.
[589] Protection against lightning - Part 4: Electrical and electronic systems within structures. SS-EN
62305-4, 2nd edition, 2011.
[590] ‘ISO 8573-1:2001 Compressed air quality standards.’, 2001.
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