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[bookmark: _Toc501618261]Introduction
The purpose of this Concept of Operation document, ConOps, is to provide a brief description of the FREIA instrument, Fast Reflectometer for Extended Interfacial Analysis, and in particular its basic concepts in the Day-one configuration. The changes foreseen due to the upgrade to the Full-scope instrument are discussed in a separate chapter at the end of the document. The Day-one configuration means the instrument agreed after the scope-setting meeting [1] [2] which represent reduced performance due to the budget restrictions and which will be designed in such a way to be easily upgradable into its full-scope as described in the proposal [3].The document includes high-level scientific requirements, description of individual parts of the instrument in the context within which the instrument will be designed and constructed as well as the main modes in which the instrument will be operated. All these are placed within the framework of the instrument life-cycle. 
The intended audience for this document includes everyone involved in the construction and operation of FREIA, i.e. all central stakeholders. It will also serve as a quick overview of the instrument’s purpose, construction and operation for both persons familiar with the field of neutron science, neutron engineering diffraction in particular, and those that are not. The ConOps is intended to be updated several times to ensure its actuality.
[bookmark: _Toc501618262]High level scientific requirements
The scientific requirements for the Day-one scope are a subset of the requirements of the Full-scope and both are based on the science case depicted in the instrument proposal [3].The Day-one scope is designed to allow an upgrade path to full scope capabilities. Description of the process and time schedule of the staging process from the Day-one scope to full scope are described in the Initial Operation and Staging plan document [4].
[bookmark: _Toc501618263]Overview of Science case
Neutron reflectometry covers a very broad spectrum of science involving the growth, self-assembly, structure and interactions of a wide variety of thin films and has an impact on all the core areas of the ESS materials science case. This leads to a broad range of requirements on sample size, resolution and bandwidth in all types of reflectometry experiments. 
The range of scientific challenges to be met in soft condensed matter and the life sciences is broad, and requires a number of different collimation options and specialist sample environments to carry out measurements at different types of interfaces. However, a common feature is that in order to be able to examine the relevant parameter space in increasingly complex materials, faster measurements, measurements on smaller sample volumes, and measurements with good signal-to-noise are required. Similar issues are equally relevant in a wide range of materials chemistry and hard condensed matter science. Consequently, the ability to match the experimental throughput to the ESS source performance in terms of the time needed for sample changes, data processing and analysis constitutes one of the key challenges in maximizing the scientific output of the instruments. While the sensitivity of neutrons to structural features offers a significant advantage in all types of multicomponent systems, there is a clear trend to follow time-dependent processes due to the development of time-of–flight reflectometers in the past three decades at facilities world-wide. These processes include, but are not limited to:
· Self-assembly of surfactants, polymers and proteins at solid and liquid interfaces
· Rearrangement processes in thin films: e.g. inter-diffusion, inter-layer movement
· Encapsulation and release of components in e.g. plastics, polymer blends, drug delivery 
· Switchable materials that respond to external stimuli (chemical, electrical, magnetic)
· Surface reactions e.g. enzyme catalysis, oxidation, surface functionalisation etc. 
· High-throughput screening of e.g. biological/medical samples or industrial conditions
· Liquid-liquid interfaces: e.g. heavy metal extraction and oil-recovery processes
Time-of-flight (tof) neutron reflectometry offers the possibility to record a range of Q-values simultaneously, and determination of both structure and chemical composition as a function of time during such processes. The usefulness of tof-reflectometry critically depends on the ability to match both the time-resolution and the dynamic Q-range of the measurements to the structural changes investigated. The main challenge for kinetic measurements is to record the full range of interest simultaneously without need to move the sample or reconfigure the instrument. The length scales of interest for neutron reflectometry span 1Å-1000Å, so variable wavelength resolution options are required. For the majority of purposes in specular reflectometry a Q-range of 0.005 – 0.5 Å-1 is sufficient, however, for surface diffraction experiments from multilayer samples, access to Q up to 1Å-1 is often required.  Liquid-liquid interfaces and many sample environments such as rheometers further require an inverted beam geometry in which the beam impinges on the interface from below.
Off-specular reflectometry and grazing incidence SANS are expected to become mainstream techniques at ESS. GISANS poses additional requirements on the collimation and detector distance/geometry, with Qy ranges between 10-4 and 1 Å-1 of interest, and high resolution is needed (dλ/λ = 1-2%) to control the neutron penetration depth. Polarisation analysis is typically not required in soft matter experiments, but polarised reflection from magnetic reference layers for magnetic contrast variation is a popular method.
[bookmark: _Toc501618264]Operational modes
The operational modes supported by FREIA are based on the STAP advice [2] on the scientific case for the instrument which aims to cover the needs of the soft condensed matter surface science and chemistry, with an emphasis on enabling high throughput and fast kinetic measurements that make the best use of the ESS source performance. 
The Day 1 operational modes are:
High-Intensity Specular and Off-specular Reflection from thin films (< 150Å) at i) solid and (ii) liquid interfaces.
High-resolution Specular and Off-Specular Reflection from thicker films (150 - 1000Å) at i) solid and (ii)) liquid interfaces.
Fast time-resolved measurements over a broad simultaneous Q-range without moving the sample for both liquid and solid interfaces. 
Inverted Beam Geometry for reflection from below the surface at i) liquid-liquid and other buried interfaces and ii) in-situ experiments requiring this geometry for sample environments or complementary measurements (e.g. rheometry, microscopy).
The full-scope operational modes include:
The following operational modes are outside of the construction scope for FREIA and are only possible after upgrades to the instrument. They are, however, required to cater for the full scientific case outlined above. The instrument, therefore, will be designed with these upgrades in mind.
Polarized time-of-flight (TOF) neutron reflection for the investigation of magnetic thin films and magnetic contrast variation. 
Grazing Incidence SANS from horizontal samples for 2D thin film structures.
[bookmark: _Toc501618265]Scientific Requirements
In order to support the science case and the above measurement modes, the following high-level scientific requirements (SciReq) have to be met:
Day-1 requirements:
Rapid specular reflectivity measurements over a broad Q-range for liquid surfaces and time-resolved experiments. 
To make use of the source performance, FREIA needs the capability to do fast specular reflectivity measurements over a sufficient number of angles without moving the sample or detector.
Probe a broad range of film thicknesses and sample sizes to examine wide range of materials.
Resolution and Q-range options need to be available to optimise experiments for as many experiments as possible. 
 Inverted geometry experiments at liquid-liquid interfaces and other buried interfaces.
The option to illuminate the interface from below the horizon allows beam attenuation to be minimized in liquid-liquid experiments and enables the use of over-the-sample environments and complementary measurements.
Fast time-resolved reflectometry over the full Q-range simultaneously
A collimation system that is able to switch angle of incidence at the approx. 10s-timescale allows appropriate time resolution for the majority of time-dependent experiments.
Provide simplicity of operation to allow users to focus on science
The broad science case of FREIA calls for the instrument operation to be straightforward, with user interaction focused on parameters that the scientist can relate to without having to have a deep understanding of how the instrument works.
Full-scope requirements:
The following requirements are outside of the construction scope but are important to the full scientific case as outlined above.
Provide integrated, flexible sample environments to allow for high through-put and time-resolved studies
Integrated control of the sample environment, coupled with event mode data collection will be necessary to fully realize the science programme on FREIA.
Very fast time-resolved reflectometry over the full Q-range simultaneously
A fast shutter system to switch angle of incidence at the millisecond-timescale gives access to the full ESS beam power for a sub-set of the fastest kinetic experiments.
 Measure time-resolved polarized tof-neutron reflectometry for magnetic contrast variation experiments.
A polarizer and spin-flipper prior to the sample that can operate up to the millisecond-timescale (appropriate to the fast shutter system - VII).
 A GISANS option with sufficient collimation and detector distance options to investigate the broadest range of materials in 2D and 3D.
High spatial and time-of-flight resolution and a large area detector at a distance of up to 8m from the sample.
[bookmark: _Toc501618266]system characteristics
[bookmark: _Toc501618267]System purpose
FREIA is a horizontal neutron reflectometer addressing primarily the needs of the soft matter, biophysics and materials science communities. It is optimised for a range of sample sizes and film thicknesses to allow the study of the structure of natural and man-made materials on length scales from ~1 nm to ~100 nm. 
The upgrade described in the Initial Operations and Staging plan document [4] will increase the scope of FREIA to include fast time-resolved measurements, polarised mode and GISANS.
[bookmark: _Toc501618268]High-Level System Requirements
The Scientific Requirements (SciReq) outlined above must be translated into functional requirements that along with the SciReq can drive design. These High-Level System Requirements (HLSR) are as follows:
Day-1 requirements:
The instrument shall be capable of measuring specular reflection on free liquid surfaces without moving the sample or detector between Qmin = 0.0035 Å-1 and Qmax = 0.44 Å-1.  
The instrument shall be capable of measuring specular reflection from solid samples in the range of Qmin = 0.005 and Qmax = 1Å-1 
The instrument shall be capable of providing a momentum transfer resolution of dQ/Q = 10.5%.
The instrument should have a high-resolution option with dQ/Q = 1-2%.
The instrument shall allow the illumination of horizontal sample areas between 1cm(w) x 1cm(l) and 4cm (w) x 8cm (l).
The instrument shall have a minimum wavelength band Δλ of 7Å without frame-overlap or contamination from the prompt pulse.
The instrument shall be able to skip every second source pulse (pulse-skipping) 
The instrument should allow fast collimation changes for time-resolved experiments
The instrument shall be able to measure specular reflection from below liquid sample interfaces up to Q = 0.2Å-1
The instrument should maximise the signal-to-background (S/B) ratio to improve the detection of specular and off-specular reflection signals at high Q. Background levels should allow the measurement of reflectivity to R = 1x10-8.
The instrument should provide software and data handling that allows convenient data reduction and handling during an experiment and include a user interface (both graphical and command-line based) that is simple to understand and capable of saving data in formats appropriate to a range of analysis software.
Full-scope requirements:
The instrument shall provide essential temperature-controlled sample environments for liquid and solid samples and mechanisms for changing samples automatically.
The instrument shall be able to polarise the full wavelength band of 7Å.
The instrument should provide a GISANS option for horizontal samples that is capable of detecting length scales of up to 190nm with resolution δQy/Qy = 5%. 
[bookmark: _Toc501618269]System Life- Cycle
The figure below shows the life-cycle of the FREIA instrument on a high level schematically and without the details of the corresponding further detailed development phases. Each phase of the instrument development is concluded with a TG review, with an accompanying design review. 
Given that FREIA is one of the later instruments, ESS operations will begin during the design & construction of FREIA. This is when upgrade projects will begin and, in the case of FREIA, this will include the sample environments excluded from the construction scope. This therefore allows for the provision of the essential sample environments that are required for commissioning and the day 1 user programme.
[image: ]
[bookmark: _GoBack]Figure 1. FREIA Lifecycle
The schematic process above is a simplified depiction as in reality there are overlaps between the seemingly distinct separations of the phases. For example, the design of details lingers on until very late, if not until the end of the construction and long lead time items have to start tendering and production in the design phase and have to be developed with companies, hand in hand with the final design. The Instrument Development process provides the framework within which the instrument will be developed with timely milestones in order to measure progress, still allowing for the overlap to exist. The controlling document for the instrument development is: Process for Neutron Instrument Design and Construction [6].
[bookmark: _Toc501618270]System overview
[bookmark: _Toc501618271]General
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Figure 2. FREIA layout and components
The instrument consists of: a) the technical components necessary to deliver a beam of neutrons from the moderator to the sample; position, orient, and apply stimulus to the sample; and detect the scattered neutrons b) the infrastructure to support these technical components and shield against radiation c) the software to operate the instrument and process the data. These instrument sub-systems must all be designed to meet the high-level requirements of the instrument, via sub-system specific functional and non-functional requirements.
[bookmark: _Toc501618272]Neutron Optics 
The neutron optics system shall be designed to fulfil requirements of efficient neutron transport within the required wavelength and divergence ranges. The beam extraction part of the optics shall be designed to function within the constraints imposed by the design of the target monolith. The design will take into consideration misalignment of the neutron optics, beam losses due to gaps, beam losses due to vacuum windows, and the effects of gravity on the neutron beam.
[bookmark: _Toc501618273]Chopper Systems
The chopper system shall be designed to control the wavelength band of neutrons being transferred to the sample and to prevent neutrons from one pulse overlapping with those from a subsequent pulse. In particular this chopper system will include the capacity for wavelength frame multiplication in order to improve the wavelength resolution to allow a high-resolution mode with d/ of around 1.5%. 
[bookmark: _Toc501618274]Beam Geometry conditioning
The guide collimation system shall be designed to transport a broad angular divergence to a focal point at the sample position so that angles can be modified without the need to move the sample. The slit collimation system shall allow for control of the incident angles such that the user may select incident angles to cover a Q-range appropriate to the sample and beam dimensions appropriate for the sample size.
[bookmark: _Toc501618275]Beam Filtering System 
Beam filtering system (polarizer & spin flipper) is designed to allow for polarisation of the incident neutron beam to enable measurements on magnetic-reference-layer samples. This is outside of the construction scope but will be accounted for in terms of space and other constraints to allow for a straightforward upgrade.
[bookmark: _Toc501618276]Beam monitors 
Normalisation of experimental data to the incident flux is crucial for the analysis of reflectometry data, particularly for contrasts that do not exhibit a critical edge. Meanwhile the complexity of the FREIA chopper systems requires careful integration of monitors that are able to provide adequate diagnostics during instrument commissioning and fault trouble shooting. A range of different possible monitor designs, including parasitic and retractable monitors, are being considered in coordination with the ESS Detector group
[bookmark: _Toc501618277]Beam cut off 
In order to access the sample area whilst the proton beam is on, an instrument shutter is required that can be placed in the neutron beam and prevent propagation of radiation downstream of the shutter. These shutter systems will have a fail-safe mechanism fully integrated with the instrument PSS system.
[bookmark: _Toc501618278]Shielding 
The instrument shielding consists of the guide shielding between the bunker and the experimental cave, and the experimental cave itself. It shall be designed to meet requirements for radiological safety, generation of background for other instruments, and protection of the instrument from background generated by other instruments. Neutronics calculations will be performed for FREIA both by the FREIA team at ISIS and by the ESS Neutron Optics and Shielding Group. The shielding requirements for FREIA are likely to be (at least close to) the “worst-case” for instruments at ESS so it is vital that the FREIA team works closely with NOSG to ensure that the instrument shielding is correct.
[bookmark: _Toc501618279]Sample Exposure system 
The sample exposure system is the collection of equipment that places a sample of interest into the neutron beam and controls the environment of the sample. This system shall be designed to allow for the wide range of sample environment equipment needed to fulfil the instrument science case. 
[bookmark: _Toc501618280]Neutron Detector system 
The detector system shall be designed to meet the high-level requirements of the instrument, providing the needed detection efficiency, angular and wavelength resolution, coverage of scattering angle, and detection rate capability. The detector vessel will provide the required evacuated or gas filled flight path from the sample position to the detectors.
[bookmark: _Toc501618281]Experimental cave 
The experimental cave is the construction that encloses the end of the collimation system, sample positioning and handling equipment, and detector systems. The primary role of the experimental cave is as radiological shielding. Secondarily it permits a controlled environment for the sample area and detector systems.
The instrument cave is situated in the north sector within experimental hall 2 (D03) where the floor level is 2.5m below TCS. The design of the experimental cave shall take into account providing a safe and comfortable working height for users accessing the sample area, with a raised floor and access as required to do so. The experimental cave shall be designed to support the required safety systems and provision of utilities to the instrument components within.
[bookmark: _Toc501618282]Control Hutch 
The control hutch will be the location where the experimental team will work during their experiment. It should be located as close as possible to the instrument and provide a safe and comfortable working environment as experiments will be run 24/7. It should provide sufficient space for two instrument teams, one incoming, one outgoing, to work during experimental changeovers in order to maximise efficiency in beamtime usage.
[bookmark: _Toc501618283]Instrument control Integration 
The integrated control and monitoring system consists of the multiple layers of hardware and software required to configure the instrument, control experimental hardware, and collect scattering and related data and metadata. The instrument control systems shall be designed according to ESS standards.
[bookmark: _Toc501618284]Personnel Safety System PSS 
The personnel safety system (PSS) ensures that the instrument is in a safe state when personnel are accessing it, primarily relating to radiological safety. It shall be designed according to ESS requirements.
[bookmark: _Toc501618285]Key System Interfaces
The FREIA project is connected to developments taking place outside the scope of the project itself. In particular there are connections to developments of detectors, instrument shielding, the common shielding bunker, and the Data Management and Software Centre within NSS. Outside of NSS there are connections with moderator and monolith developments, and accelerator specifications. There are also connections to the ESS, the ESS Vacuum Group for vacuum equipment, and the Scientific Activities Division for laboratory space. These are all outside of the scope of the FREIA budget. These are important interfaces and connections which represent potentially significant risks to the FREIA project. The delivery of FREIA from a partner laboratory means that managing interfaces is vital to ensure that installation and operational risk for FREIA are minimised. The team has a dedicated Integration Engineer, who will be responsible also for installation, to perform this task.
[bookmark: _Toc501618286]Detectors
The detector system must be integrated with the DMSC data collection system and the ESS timing system. These will require close collaboration with both the DMSC and the ESS detector group.
[bookmark: _Toc501618287]Instrument Shielding
It is vital to ensure that instrument shielding is both safe and provides for an adequately low level of instrument background. Neutronics calculations will be performed for FREIA by the ESS Neutron Optics and Shielding Group and an ISIS. The FREIA team will work closely with NOSG to ensure that the instrument shielding is correct, particularly as it may have an impact on the shielding requirements of LOKI.
[bookmark: _Toc501618288]Common Shielding Bunker
FREIA is a short instrument and most of the primary flight path is within the region (out to 15m from the monolith centre) that is surrounded by the common shielding bunker. This is an important interface and during design it will be important to maintain close interconnection between the design of the FREIA primary flight path and the bunker. At this stage in its design, the FREIA team have provided some details of the neutron optics that pass through the bunker wall.
[bookmark: _Toc501618289]Data Management and Software Centre
The DMSC will be providing or supporting all of the data acquisition, storage, management, reduction and analysis capability for the ESS instruments. There is close coordination between the instrument team and the DMSC in defining software requirements. This includes direct interactions with staff at ISIS (and other facilities) to develop common processing methodologies for reflectometry data and to contribute to the development of existing data analysis software.
[bookmark: _Toc501618290]Scientific Activities Division
The scientific activities division is responsible for laboratories, user office and sample environment. There has been and will continue to be close coordination with the laboratory planning to ensure that appropriate laboratory space is available for users once FREIA is operational. It is planned that the SAD will maintain and support all of the sample environment equipment used on FREIA and so close coordination in the design and selection of equipment is required.
[bookmark: _Toc501618291]Monolith Insert Design
As of writing, the monolith insert design has not been finalised. The FREIA team is coordinating with the NSS team that is defining the interface with this equipment and has provided the necessary engineering details of the in-monolith neutron optics to enable design of the FREIA insert by the target division.
[bookmark: _Toc501618292]Accelerator Characteristics
Changes to the accelerator characteristics such as pulse-to-pulse variation and intra-pulse variation could have impact upon the performance of FREIA. The FREIA team have been coordinating with the working group considering these matters.
[bookmark: _Toc501618293]Vacuum
The vacuum system for FREIA will be supplied by the ESS vacuum group and so close coordination with that group is required to ensure correct specification of the vacuum system and timely delivery and integration of the equipment.
[bookmark: _Toc501618294]Conventional Facilities
FREIA is being built within an environment defined and managed by the ESS Conventional Facilities Division. This interface concerns the physical dimensions of the building, crane heights and access, space for paths, and access to infrastructure such as cooling, electricity and ventilation. These interfaces are managed primarily via NSS.
[bookmark: _Toc501618295]Choppers
The FREIA team is maintaining close contact between the ISIS chopper group and the ESS chopper group and coordinating all chopper design between those groups to ensure compliance with ESS requirements.
[bookmark: _Toc501618296]Neighbouring Instruments
In the North sector, FREIA has currently one neighbour, namely LoKI on beamport N7. LoKI is also being delivered as an in-kind contribution from ISIS and there is close coordination between the LoKI and FREIA teams. FREIA shall be designed to ensure that beamport N3 remains useable for a future instrument, whilst not compromising access to and performance of FREIA. This will require coordination with NSS.
[bookmark: _Toc501618297]Other divisions in ESS
FREIA is being designed for installation in a regulatory environment that is not familiar to the prime contractor. To ensure compliance with Swedish standards and regulations, the FREIA team will need to work closely with other divisions of ESS. In particular we note:
· NSS for Guidelines and support on technical and scientific requirements and harmonisation between instrument projects.
· ES&H for safety and fulfilment of requirements for Swedish Safety Radiation Authority (Strålsäkerhetsmyndigheten SSM)
· QA for Quality and Swedish legislation
The project also has interactions with many other divisions at ESS which need to be managed in order to avoid proliferation of interfaces. Such groups include Systems Engineering, Cooling, ESS Integration, and Survey and Alignment to name a few. The main interfaces between the FREIA project and these groups will be via the FREIA Integration Engineer and the NSS Lead Instrument Engineer.
[bookmark: _Toc501618298]System stakeholders
The FREIA project stakeholders are consistent with the wider ISIS UK-ESS Project and details are included in the Stakeholder Plan [7].
[bookmark: _Toc501618299]operational concept
[bookmark: _Toc501618300]Operational environment
A neutron scattering instrument is a user facility, which means that the experiments are conducted by scientists (academic or industrial) from all over Europe and also abroad. The ESS instrument team provides scientific and technical support and advice to these experiments, but the users perform the actual experiment. The beamtime for user experiments is allocated in a peer-review process based on scientific merit and feasibility. Proprietary access for industry is also envisaged. The operational modes will be described in more detail in the ESS operational specifications.
[bookmark: _Toc501618301]Operational scenarios
[bookmark: _Toc501618302]Specular Reflectivity experiment
[bookmark: _Toc501618303]Samples
Possible samples are quite varied to cover the wide-ranging science case of FREIA. Sample sizes will vary from approximately 1 cm2 to potentially 20 x 40 cm in the case of a large liquid Langmuir trough. Some typical samples are listed below, but these are by no means comprehensive.
· A free water (H2O or D2O or a mix) or buffer solution “sub-phase” onto which is spread an insoluble monolayer such as a phospholipid. The spreading of this monolayer is usually achieved by depositing onto the surface small quantities of a chloroform or methanol solution containing the required molecule.
· The same as above but the sub-phase will contain a compound of interest that is expected to interact with the surface monolayer. These compounds may be expensive or difficult to produce (e.g. proteins) so the volume of the sub-phase may be important (low volume means less material to achieve the same concentration). 
· A free liquid (not necessarily water) which contains some surface-active species that will adsorb to the interface forming a layer that can be resolved using reflectometry.
· A Liquid-liquid interface (e.g. oil and water). One of the liquids would contain some surface-active species that will adsorb to the interface forming a layer that can be resolved using reflectometry.
· A solid sample onto which a thin film has been deposited (e.g. polymer). Typically, the roughness of the solid has a big impact on the success of a reflectometry experiment so the solids typically used are those that can be polished to be close to atomically flat (roughness of the order 10Å), such as silicon or sapphire.
· A solid-liquid sample. The solid is usually chosen to be transparent to neutrons so that the incident beam does not need to be transmitted through the liquid phase (which could contain large amounts of hydrogen and therefore contribute significantly to the incoherent background scattering). The sample is oriented with the solid on the top. The surface of the solid will have on it a layer of some that can be resolved using reflectometry. This layer may have been formed in-situ via the adsorption of some surface-active species from solution, or made offline by means of a technique such as Langmuir-Schaffer dipping. In order to obtain multiple neutron scattering length density contrasts for the same monolayer, the liquid can be exchanged with another.
· A range of other samples are also possible, including samples that require the in-situ integration of parallel techniques such as rheometry. These techniques will have varying requirements on space and geometry.
[bookmark: _Toc501618304]Sample preparation and offline characterisation
Each of the sample types described above requires considerable offline preparation. In order to make efficient use of beamtime, good access to local chemistry/biology laboratory facilities is essential for the preparation and pre-characterisation of the samples and for cleaning and assembly of sample environments. An instrument specific sample preparation area local to the instrument is planned to be provided by the ESS operations budget and space for this has been allowed for in the instrument layout. 
The successful operation of FREIA is critically dependent on these facilities being in place by the start of user operation. Further additional offline support and characterisation facilities are expected to develop as ESS moves into its user support phase and these will significantly enhance the user experience and improve the quality of experiments possible on FREIA.
[bookmark: _Toc501618305]Sample geometry and mounting
The sample mounting will conform to the standard ESS kinematic mounting system, as far as possible. It will consist of a low-level active anti-vibration table that will stay in position for almost all experiments (though it will be removable).
On top of this will be heavy duty sample manipulation stages for alignment of solid samples and positioning of larger equipment.
The samples will always have their surface horizontal for at least the initial alignment and first measurement angle. For liquid samples this is the only sample orientation possible, so sample alignment is simply a height alignment (with beam). Solid samples may require an additional sample tilt (up to 10°) to achieve the maximum q-range possible
To deal with changes in the sample height that are possible because of evaporation from a free liquid surface, and to avoid the need for realignment after each sample change, a laser interferometer will be positioned above the sample position. This system will have a feedback loop to the control system to ensure that the liquid surface remains at a constant height, even after sample changes or long counting times where evaporation could be a problem.
It will also be necessary to allow space for a scenario in which the incident beam arrives at the sample from below the horizontal. In this case all alignment considerations are reversed in that the reflected beam will be downwards rather than upwards. 
[bookmark: _Toc501618306]Instrument Configuration
The user will choose the instrument settings that match the requirements of their experiment. The user can vary:
Collimation type (standard slits, 3-slit system or beam inversion supermirror)
Collimation aperture sizes to match sample size.
	Up to three incident angles and associated detector angle range to determine simultaneously accessible Q range.
All of these variations all have impacts on the available neutron flux at the sample and the Q range and resolution (both maximum/minimum Q and dQ/Q).
[bookmark: _Toc501618307]Reflectivity measurement
A standard reflectivity measurement will be performed as follows. After the sample is mounted it is aligned to the neutron beam by performing a series of height scans and rocking curves (for solid samples) until the expected specularly reflected beam is detected at the correct angle on the detector. For small solid samples in particular it will also be necessary to align the roll and yaw. This can be most easily achieved by allowing for the samples to be rotated by 180° around the surface normal.
Data collection will be a sequential measurement of up to three different angles defined by the collimation slits. For each angle, the collimation slit sizes are defined by the desired footprint on the sample. Changing between these angles will not require movement of the sample nor the detector which will cover the full range of angles possible (around 25° in total). For solid samples, it may be necessary to rotate the sample (12° from horizontal) in order to obtain data up to 1Å-1. 
The incident beam flux will be measured by a monitor that will be used for an absolute normalisation of the data. Relative calibration and normalisation are achieved by measuring a known sample, such as pure D2O. 
[bookmark: _Toc501618308]Data processing
The generic data reduction steps are as follows:
Read and add run numbers (or saved data) and time slice for event mode. Particularly for time-resolved experiments the time stamp will need to correlated with the expected incident angles defined by the three-slit and fast shutter systems.
Convert to wavelength and rebin as necessary.
Apply appropriate corrections for gravity, polarization, monitor efficiency, air transmission, detector flat field & efficiency. Apply a mask for bad pixels etc.
Define a region of interest appropriate for the specular reflected beam and background. Up to three different simultaneous regions of interest could apply for the different possible incidence angles.
Sum intensities, subtract background and divide by monitor (and any other factors such as geometrical corrections) to obtain normalised data (vs angle & wavelength). 
Convert to Qz & Qxy.
The DMSC have the high-level requirements for data reduction which apply to both ESS reflectometers. The resources to develop instrument specific data reduction are deferred until initial DMSC operations in 2020. Data processing and standardised reduction workflows will be developed in collaboration with other reflectometers already operating at ILL, ISIS and SNS. 
[bookmark: _Toc501618309]Data Analysis
Reflectometry data analysis generally takes is a model based approach. Using some known information about the sample, a scattering length density profile is proposed. A simulated reflectivity curve is then calculated from this profile and compared to the measured data. The parameters of the model are then adjusted until a good “fit” is achieved. This can be done manually or often by a computational algorithm. However, any individual fit is rarely unique and for complex systems, the number of parameters required to define the model can be quite large. This means that in order to obtain a reliable model of the system under investigation it is necessary to constrain the model. This can be done using known physical properties of the sample (determined by some alternative technique) or by using multiple “contrasts” of the same sample (i.e. samples are reproduced with various levels of deuteration). Simultaneous fitting of each contrast then allows for the overall model to be suitably constrained so that detailed information about the sample can be extracted reliably.
There currently exists a wide range of software for the analysis of neutron reflectometry data that will continue to be of use to the user community. However, these packages are often quite specialized and associated with proprietary software packages (Igor or Matlab). There are a number of developments that will add to and improve on the existing software and this includes an in-kind (Julich) project to develop analysis codes. It is likely that additional collaborations with other facilities will also be developed.
[bookmark: _Toc501618310]Time-resolved measurements
Other than the absolute flux, there are two key design features of FREIA that allow for time-resolved measurements. The first is the fact that the sample does not need to move between the three angles required to measure a reflectivity curve (up to ~0.45Å-1). This saves a significant amount of time, particularly for free liquid surfaces. The second feature is the ability to rapidly change incident angles, either with the three-slit system directly or by using a fast shutter (not in scope). The three-slit system is expected to be able to switch between the three different angles in a matter of seconds and thereby allow a full reflectivity curve to be measured in a few minutes.
[bookmark: _Toc501618311]Stroboscopic mode
As all data will be acquired in event mode, and the time of arrival for each neutron will be known, measurements of any reproducible process can be cycled until enough counts have been collected at each time-point. The time-resolution of the results will only be dependent on the uncertainty in the neutron emission time from the source. This results in a time resolution of the order of 200μs at the sample position.
[bookmark: _Toc501618312]Off-specular & GISANS experiments
For a GISANS experiment the incident beam is well collimated in order to provide high spatial resolution, particularly in the horizontal plane. This in-plane scattering gives information about structural correlations in the surface plane (rather than perpendicular to it as in a reflectivity experiment). The scattering from the surface is fundamentally the same as in standard small angle scattering (SANS) but it is complicated by the inherent multiple scattering of the reflection geometry. This significantly complicates the data analysis and means that studies to date have generally involved fairly well-ordered surface structures or systems with quite monodisperse particle shapes and sizes. Like SANS the length scales of interest tend to be those of relatively large particles and require measurements at very small angles and therefore detector distances can be quite long. The incident angle that impinges onto the sample surface is selected so that the scattering is predominantly surface selective and this usually means a “grazing” angle of incidence (less than 1°). The penetration depth of the reflected neutrons is dependent on this angle, relative to the critical angle of the sample material and, therefore, is also dependent on the wavelength. This means that the multiple wavelengths of a pulsed source can be used to provide depth sensitivity in a single measurement. 
Conceptually the difference between off-specular scattering and GISANS is minimal. Off-specular usually refers to scattering around the specular reflection during a reflectivity experiment and as such the incident angle could be significantly higher while the distance to the detector does not need to be as large.
[bookmark: _Toc501618313]Sample environments
The importance of appropriate sample environment provision for the success of FREIA cannot be over emphasised. The provision of sample environment for FREIA has been removed from the construction scope, and will be provided by the ESS operational budget. This will follow a phased implementation plan discussed in the FREIA Initial Operations and Staging Plan [4].
The sample environment for soft matter reflectometry experiments is much more specialised than for other neutron instruments at ESS. A detailed description of some of the potential environments is therefore provided below. Each of the specific items below requires associated equipment to enable its effective use. Although these items are discussed together with the most relevant key sample environment components, generally their use will cover multiple sample environment types.
[bookmark: _Toc501618314]Langmuir Trough
A Langmuir Trough is a (usually PTFE) container with barriers that can move over the surface to control the surface area available to a monolayer of insoluble amphiphilic molecules. Measurement of the surface pressure (related to the surface tension) vs area per molecule can give information about the packing and thermodynamics of the monolayer in question. A Langmuir trough and associated control system (electronics), aspirator pumps and an atmosphere and temperature-controlled enclosure (including heated windows to avoid condensation) will be an essential day one sample environment. Additionally, the trough will be isolated in its own atmosphere and temperature-controlled enclosure including a water bath for temperature control of the trough and humidity control with relevant deuterated water. Beyond day one, a number of different troughs of different sizes and volumes will be required to allow optimisation for the range of different samples possible.
[bookmark: _Toc501618315]Multiple liquid trough sample changer
Many experiments do not require active control of surface pressure (although the capacity to measure the surface pressure will remain useful). Samples in these experiments will therefore consist of a small PTFE (or similar material) trough into which the sample liquid is poured. Many such samples may require small volumes (for example, because the price of the required deuteration is otherwise prohibitive). Such small volumes are generally achieved by making the troughs very shallow, while maintaining the overall surface area to ensure a flat surface. A range of different possibilities will be required to suit the range of different samples possible. For example, many typical surfactant studies in water will benefit from a larger sample troughs in terms of counting times since they are not limited by volumes, whereas a study of ionic liquids may require very small volumes in troughs that are made from materials other than PTFE.
With measurement times of the order of minutes, the ability to change samples remotely to avoid frequent user access to the cave is essential. This is usually achieved using a simple linear stage that can move smoothly between several sample positions. The more positions available, the longer the time between sample changes. In addition, each sample should be isolated in its own atmosphere and temperature-controlled enclosure to allow for slow equilibration independently of the sample being measured.
[bookmark: _Toc501618316]Solid liquid cell & sample changer
Over may years there have been as many iterations of designs of solid-liquid cells. These vary in detail depending on the specific requirements of the sample. However, the general principles are the same. A solid sample (silicon, quartz sapphire etc.) is clamped onto a trough (typically PEEK or similarly inert plastic) and sealed by an o-ring on the sample surface. The plastic trough has inlets and outlets through which it is possible to flow liquid. In the more advanced cells this flow is kept laminar to avoid turbulence that can disrupt the adsorbed monolayer. Water can then be flowed through the cell using an HPLC pump, and in this way, it is possible to exchange the contrast of the water by flowing mixtures of H2O and D2O in the appropriate proportions.
It is currently proposed that at least one set of solid-liquid cells will be provided by ESTIA and shared between ESTIA and FREIA. It is also expected that experienced users will provide their own cells and it is likely that these will have been optimised for use at existing facilities. It is therefore essential the mounting for solid liquid cells on FREIA is adaptable to these existing designs.
As above, in order to make efficient use of the beam it will be necessary to mount several cells on a sample changer to allow for time to exchange water out of the beam while other samples are being measured. Current instruments typically allow space for about 3-4 sample cells. On FREIA, it is likely that counting times will mean that more cells than this are required. This may mean that the ability to run water exchange runs simultaneously on more than one cell may be necessary. This would require more than one HPLC pump.
[bookmark: _Toc501618317]Liquid-liquid troughs
The current state-of-the-art liquid-liquid cells used for neutron reflectometry are not as well developed as the solid-liquid cells described above. However, the fundamental principles are quite similar. There are two strategies for looking at the liquid-liquid interface. The first basically uses a solid-liquid cell. A frozen macroscopic oil layer is deposited onto a solid (silicon) sample prior to assembly of the cell. (For example, this may be done by spin coating.) This is then filled with water in the measurement orientation (with the solid and oil layer at the top). The second approach is to have a free liquid trough in an enclosure with inert windows. The second liquid can be injected from above once the interface has been provisionally aligned.
It is likely that these designs will develop in the coming years, so FREIA will provide one ot two generic liquid-liquid sample environments that can be used by as many users as possible. Temperature control, HPLC pumps and sample changing possibilities are all possible for these environments
[bookmark: _Toc501618318]Sample environment from the ESS pool
FREIA will be able to make use of sample environments where the requirements overlap with the provision for the other instruments at ESS in the general ESS pool. These items will include an electromagnet (<1T), a rheometer with cone-plate insert, a vacuum chamber, a humidity chamber and a furnace.
[bookmark: _Toc501618319]Integrated temperature & humidity control
Almost all of the sample environments listed above will require temperature control. The temperature range and precision required of this control will vary substantially with the specific samples. For example, a typical experiment looking at biomolecules (lipids & proteins) will operate in the range 0 to 80°C with low precision. Meanwhile an organic photovoltaic (polymer) study could require much higher temperatures of up to 500°C.
[bookmark: _Toc501618320]Future high-throughput sample environment developments
In order to make full advantage of the potential of FREIA it will be necessary to develop a range of automated sample changing options. This is relatively straightforward for solid samples and cells (except for the number of cells required), but it is more difficult to do this for free liquid samples. The cleanliness of liquid troughs is crucial to the success of experiments. However, automation of this process remains challenging and will require significant effort and time from ESS SAD to develop such a system to make the most of the instrument. 
[bookmark: _Toc501618321]Maintenance concepts
[bookmark: _Toc501618322]Levels of maintenance
Within ESS there are three identified levels of maintenance which are described in [2]:
1. Organizational maintenance: maintenance performed on site where the component is normally being operated,
2. Intermediate maintenance: maintenance performed on site at a dedicated workshop,
3. Supplier maintenance: maintenance performed off site at the supplier premises. The suppliers also include scientific partners as e.g. In-Kind partners.
[bookmark: _Toc501618323]Maintenance categories
Maintenance can be divided into two categories: Corrective and Preventive. By utilising condition based monitoring, taking into account the overall ESS operational schedule, preventive maintenance on instruments is aimed to be conducted during the planned facility shutdown periods unless instrument reliability and availability are sacrificed. This will minimise disruption to a user operation. 
Preventive maintenance is part of scheduled maintenance which also includes maintenance work to be conducted on equipment where condition based monitoring cannot be achieved. Performed instrument reliability analysis, part of RAMI work, aims to ascertain that preventive maintenance on this type of equipment/components could be limited to periods of scheduled shutdown of the facility. Maintenance and monitoring requirements of critical components will be taken into account in design and procurement of equipment from the beginning.
Corrective maintenance will mainly apply when an event happens to force the maintenance to be done unscheduled. This occurs when either a component has a failure, or an issue that requires immediate action during user operation has been detected. The instrument will have to stop user operations for the duration of repairs or maintenance.
Another key categorisation of maintenance is the distinction regarding access requirements and limitations. Components can hence be categorised into easy maintenance access, limited maintenance access, and difficult maintenance access devices. In the first category, all devices and components can be placed in areas which are located outside the radiation shield of the instrument, including such devices placed in the experimental cave. These devices can be serviced anytime when required, though downtimes are used for preventive maintenance in order not to interfere with the scientific utilisation of the instrument. In the second category are the limited number of hardware components installed in the shielded section of beamline downstream of the instrument shutter system, i.e. between the outer face of the bunker wall (at 15 m) and the experimental cave. It is anticipated that the dose rates from the bunker insert will restrict access during source operation. However, these components will be designed to be easily accessible during short ‘beam off’ maintenance periods. In the third category are components installed within the bunker area where access currently appears to be possible only during source downtimes and through remote handling. Access to components within the last two categories requires removal of shielding with the corresponding implications of crane use, space requirement and scheduling and additionally, might also involve a required cool down time of components due to activation, which increases times needed for the maintenance.
Another category of practically no access components as the extraction system in the monolith could be defined, which are almost non-accessible, as access requires removal of significant parts of the instrument and its neighbours. Hence, no moving parts and components requiring maintenance can be placed there and the design of the components installed there has to be especially robust.
[bookmark: _Toc501618324]Maintenance philosophy
The maintenance philosophy for FREIA will follow the approach taken by ESS to utilize preventative maintenance as much as possible. This requires assessment of the likely lifetimes of components and for the instrument components to provide condition monitoring wherever possible and cost-effective. In order to minimise the required resources and instrument downtime, the FREIA project will adhere to ESS maintainability standards in the design of the instrument. The design of all components will take into account maintainability, with a view to ensuring that the components most likely to fail are designed to be readily exchanged.
Some key components can be identified as regards to maintenance requirements:
Chopper Systems:
- The choppers should all be designed to be removed vertically and designed to make use of remote handling as per ESS Chopper Group guidelines.
In-bunker seals:
- Radiation hardness assessments will be made on the seal materials to determine if this has an effect on service life.
- It is expected that the seals identified as susceptible to failure will be accessible for replacement as part of a preventative maintenance schedule. 
Follow the recommendations to materials allow inside the bunker
Remote handling requirements ESS-0042943
[bookmark: _Toc501618325]Consequences of the concepts
[bookmark: _Toc501618326]General design considerations
General design considerations concern all functional and non-functional requirements and are/will be documented in detail in the corresponding documentation.
[bookmark: _Toc501618327]Upgrade options
Identified upgrade options shall be considered and be catered for as much as possible in the design of FREIA. These include the key upgrades highlighted above as the “full-scope”
[bookmark: _Toc501618328]Robust design
Whilst the current preliminary design can be regarded as robust with respect to the provision of the scientific scope, robustness of the technical design must be considered. The main concern for robustness is the location of multiple choppers in the high-radiation environment of the bunker. The radiation hardness of the chopper systems is a common issue amongst ESS instruments, and we will work according to ESS Chopper Group guidelines to ensure adequate lifetime of the components in this area.
[bookmark: _Toc501618329]Training of personnel
The instrument scientists have to maintain a research profile and dedicate time to the scientific research in order to understand the needs of the existing and future user community. Post- docs working at the instrument can support the operation by engaging in methodological developments and participating in user support. 
The technical support of the instrument operation would include mechanical, electrical, software and other speciality engineer and technician personnel, who could be part of the instrument team or in specialised technical groups.
As discussed in detail above, a wide variety of specialised SEE is needed for successful operation of the FREIA instrument, however the majority of that SEE can be successfully maintained and managed by the ESS Sample Environment team. Depending on the skills and experience of the that team, the staff responsible for FREIA operations may need to provide additional support. There is likely to be some shared SEE between FREIA and ESTIA. It is therefore likely that relevant expertise can be also shared by the instrument teams. For example, the FREIA team has already agreed to consult on the design of solid-liquid cells for use on ESTIA and to ensure cross-compatibility between the two instruments.
The users arriving at the instrument to perform experiments will be supported by a local contact such as one of the instrument scientists. The more experienced users should be able to operate the instrument independently after a short (< 1h) introduction by the instrument staff. Less experienced users will require more support for both operating the instrument and reduction/analysis the data afterwards and the level of staffing should be set accordingly.
[bookmark: _Toc501618330]Glossary
	Term
	Definition

	SEE 
	Sample Environment Equipment

	PTFE
	Polytetrafluoroethylene

	PEEK
	Polyether ether ketone
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