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[bookmark: _Toc501618895]Introduction
0. [bookmark: _Toc484011090][bookmark: _Toc483492191][bookmark: _Toc501618896]System Characteristics
0. [bookmark: _Toc484011091][bookmark: _Toc483492192][bookmark: _Toc501618897]System purpose
The instrument will offer horizontal reflectometry experimentation on a wide variety of samples. See Freia Concepts of Operations [1] and Freia instrument proposal [2] as well as references therein for more details.
0. [bookmark: _Toc484011092][bookmark: _Toc483492193][bookmark: _Toc501618898]System overview
The instrument consists of major systems and subsystem products as defined in the Product Breakdown Structure [3].  The major subsystems (see Figure 1) follow the ESS PBS standards [8].
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[bookmark: _Ref489349644][bookmark: _Toc501544696]Figure 1:  Freia PBS major system designation
1. [bookmark: _Toc484011093][bookmark: _Toc483492194][bookmark: _Toc501618899]INSTRUMENT OVERVIEW
1. [bookmark: _Toc484011094][bookmark: _Toc483492195][bookmark: _Toc501618900]Instrument Layout
Freia is a short instrument located on beam port N5 in Halls D02/D03. The beam is inclined downwards at 2 degrees and an elliptical geometry focusses the beam in the horizontal direction onto a sample at 22.76m from the moderator.  A vertical ‘S bend’ trajectory is used to lose line of sight before the bunker wall exit.
The instrument contains frame multiplication, frame overlap and bandwidth choppers to optimise pulse spectra on the sample. Before the sample there is a collimator selector translation assembly which allows a selection of the following reflectometry collimation options: standard, inverted and time resolved.
Samples are manipulated and sample environment equipment translated by a sample positioner – often referred to as a sample stack. Following the sample there is a secondary flight path vessel and neutron detector that can be rotated in a horizontal arc about the sample. Schematic representations of the Freia and 3D concept designs can be seen in the figures below. 
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[bookmark: _Ref489352134][bookmark: _Toc501544697]Figure 2:		Schematic plan view of the Freia Instrument [4]
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[bookmark: _Ref500672857][bookmark: _Ref500672856][bookmark: _Toc501544698]Figure 3: 	Schematic side view of the Freia Instrument [5]
[bookmark: _Ref489453724][bookmark: _Toc483492176][bookmark: _Ref489453723]
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[bookmark: _Toc501544699]Figure 4:  View of the Freia Instrument concept design
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[bookmark: _Toc501544700][bookmark: _Toc484011095][bookmark: _Toc483492196]Figure 5:  View of the Freia Instrument concept front end
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[bookmark: _Toc501544701]Figure 6:  View of the Freia Instrument concept sample area
1. [bookmark: _Toc501618901]Sub-system description
[bookmark: _Toc484011096][bookmark: _Toc483492197][bookmark: _Toc501618902]Neutron optics
[bookmark: _Toc484011097][bookmark: _Toc483492198][bookmark: _Toc501618903]Freia Coordinate system
The Freia Instrument Source Coordinate System (ISCS) is the datum upon which the Freia guide is designed to focus.  This is offset from the Target coordinate system (TCS) as shown in Table 1.
	[bookmark: _Ref489530747][bookmark: _Ref489530743][bookmark: _Toc501101300]Table 1	Freia ISCS Coordinates

	Moderator
	X offset
	Y offset
	Z offset
	Beam port rotation around Z axis
	Beamline rotation around Z axis

	Upper Moderator North Sector
	96mm
	81mm
	137mm
	54⁰
	55.1⁰



The coordinate system has been optimised to the future moderator design. Fixing the beamline geometry to this ISCS will result in a non-optimised view on the Day-1 moderator, as shown in Figure 7.
[image: /Users/claralopez/Desktop/Screen Shot 2017-12-20 at 17.26.59.png]
[bookmark: _Ref489525220][bookmark: _Toc483492178][bookmark: _Toc501544702]Figure 7:	Freia focal point (ISCS) relative to the target centre (TCS). Left - position on Day-1 moderator.  Right – position on the future moderator design
The guide geometry is rotated +1.1⁰ from the port angle (54⁰) in order to optimise the focal viewpoint and the guide location in the insert, bunker feedthrough and sample position.
0. [bookmark: _Toc484011098][bookmark: _Toc483492199][bookmark: _Toc501618904]Guide Geometry
The neutron flight path follows an elliptical geometry with 2 focal points: the ISCS (moderator) and the sample position.  The distance between the focal points, and thus between the moderator and sample, is 22.76m (see Figure 8). 
[image: ]
[bookmark: _Ref500674215][bookmark: _Toc501544703]Figure 8:	Freia guide geometry schematic diagram
The guide geometry is inclined downwards at 2 degrees and has a multi-channel ‘s-bend’ (with 130m radii) in order to lose line of sight (ref. SRS Id 12).  The guide geometry loses first line of sight at ~6.5m from the guide entrance (~8.3m from the ISCS).  Second line of sight is lost before the exit of the bunker wall.  This has been calculated using the ESS handbook [21] and verified with a 3D model.
The neutron path specification can be seen in more detail in Figure 9 and associated drawing [20].
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[bookmark: _Ref489958344][bookmark: _Toc501544704]Figure 9:	Freia guide geometry
[bookmark: _Toc501618905]Guide Specification
The physical elliptical focussing supermirror guide is approximately 18m in length and is divided into multiple sections in order to accommodate choppers and another beamline equipment. The guide side walls are constant aperture of 40mm.
Where possible a common vacuum housing will be used in order to minimise windows.  A concept design of the guide sections and how they interface with beamline components is shown in Figure 10.  An initial engineering concept design has been created [6].  Guide suppliers have been approached with an earlier concept [9] in order to confirm the design can be manufactured.  The guide height, division into many short sections and tight bender radius (at 130m) are all technical challenges.  However, both S-DH and Swiss Neutronics were confident they could deliver to specification. 
[image: ]
[bookmark: _Ref489961367][bookmark: _Toc501544705]Figure 10:	Concept design of Freia guide assembly with section through guide (shown in yellow) 
[bookmark: _Toc501618906]Super-Mirror Coating
[image: ]
	
	Distance from moderator focal point (mm)
	Supermirror Coating (m value)

	
	From
	To
	Top surface
	Bottom Surface
	Side Walls
	Vanes

	
	0
	1887a
	No guide

	1
	1887a
	3000
	6
	6
	3
	3

	2
	3000
	4500
	5
	5
	3
	3

	3
	4500
	10000
	4
	4
	3
	3

	4
	10000
	14500
	3
	3
	3
	3

	5
	14500
	19000
	4
	4
	3
	3b

	6
	19000
	20000
	5
	5
	3
	-


a) value dependant on ESS NBOA design, b) bender ends at 15000mm from focal point
[bookmark: _Toc501101301]Table 2	Guide super-mirror coating specification
[bookmark: _Toc501618907]Monolith Insert Neutron Beam Optics Assembly (NBOA)
The monolith insert will house a length of multi-channel truly curved elliptical guide. ESS is wholly responsible for the design of the insert and NBOA including cooling features, alignment features and defining suitable installation procedures.  To meet NSS requirements, the guide will be constructed from copper substrate, contain copper streaming collars and be delivered to ESS technical drawing: ESS-0097204.2
[bookmark: _Toc501618908]Guide Section (Light Shutter) 
Freia will include a short section of guide which is oversized to accommodate shutter misalignment. The current concept considers a guide that is 1mm oversized all around the perimeter.  Furthermore, owing to misalignment concerns the guide section will not include internal channels.
[bookmark: _Ref500677817][bookmark: _Toc501618909]Guide Collimation Options
[bookmark: _Toc501618910]Collimation Guide #1 - Standard Reflectometry
The standard guide collimation option has m=3 side walls and absorbing surfaces at the top and bottom.
[bookmark: _Toc501618911]Collimation Guide #2 - Inverted Reflectometry
The inverted guide collimation option has m=3 side walls and absorbing surfaces at the top.  On the bottom is an m=6 section of mirror that can be angled to define an inverted beam. 
[bookmark: _Toc501618912]Collimation Guide #3 - Time-Resolved Reflectometry
[bookmark: _Toc484011100][bookmark: _Toc483492201]The inverted guide collimation is a length of multi-channel guide.  It has m=3 side walls and all other surfaces are coated in absorbing layer (including vanes
2. [bookmark: _Toc501618913]Choppers
[bookmark: _Toc501618914]Chopper Concept
Freia contains 8 chopper axes, 6 of which are located in the bunker.  In order to minimise the number of vacuum windows, the choppers will all be a ‘horizontal split’ variant [11].  A significant challenge will be achieving reliable operation of complex components in the bunker environment.  To mitigate the risks posed the choppers will be designed to allow quick and easy removal and replacement with remote handling.  ESS is responsible for the delivery of remote handling solutions for compliant chopper designs. 
As a further risk reduction, choppers, guide sections and vacuum housings will be grouped into large assemblies (modules) that can be pre-aligned and tested offline and easily removed from the bunker with minimal exposure.  Figure 11 shows a design concept of the chopper assemblies and modules.  This concept will remove the need for accessing the bunker and also help reduce difficulties involved in installing future neighbouring instruments. However, the practicalities of this concept will be limited by crane capacities and coverage.  


[image: ]
[bookmark: _Ref490035741][bookmark: _Toc501544706][bookmark: _Toc484011101][bookmark: _Toc483492202]Figure 11:	3D concept of Freia chopper assemblies and modules
1. [bookmark: _Ref500770999][bookmark: _Toc501618915]Chopper Design Compliance
All chopper design, services, maintenance and control is being arranged as described in the ESS chopper reference documents (see Figure 12).  Upon project completion, chopper support and maintenance will be carried out by ESS operations staff.  It is therefore imperative to ensure that ESS engineers are involved in chopper design reviews, development, assembly and approval of Freia chopper systems.
[image: ]
[bookmark: _Ref500167698][bookmark: _Toc501544707][bookmark: _Toc484011103][bookmark: _Toc483492204]Figure 12:	Chopper systems document structure
1. [bookmark: _Toc501618916]Chopper Specifications
Table 3 shows the specification of the Freia choppers. 
	[bookmark: _Ref490035943][bookmark: _Toc501101302]Table 3	Freia Chopper Specifications

	Function
	Wavelength Bandwidth Chopper 1 (WBC1)
	Wavelength Frame Multiplication 1 (WFM1)
	Wavelength Frame Multiplication 2 (WFM2)
	Frame Overlap Chopper 1
(FOC1)

	Type
	Single Disc
	Single Disc
	Single Disc
	Single Disc

	Position (m) from moderator
	6.3
	7.325
	7.675
	8.3

	Environment
	Vacuum
	Vacuum
	Vacuum
	Vacuum

	Installation Variant
	Horizontally split housing
	Horizontally split housing
	Horizontally split housing
	Horizontally split housing

	Bearing/Drive Type
	SKF G5 MB magnetic
	SKF G5 MB magnetic
	SKF G5 MB magnetic
	SKF G5 MB magnetic

	Outer Diameter (mm)
	1000
	1300
	1300
	1300

	Operating Speed (Hz)
	14 (7)
	56
	56
	56

	Disc Windows
	1
	7
	7
	7

	
	
	
	
	

	Function
	Wavelength Bandwidth Chopper 2 (WBC2)
	Frame Overlap Chopper 2 (FOC2)
	Frame Overlap Chopper 3 (FOC3)
	Wavelength Bandwidth Chopper 3 (WBC3)

	Type
	Single Disc
	Single Disc
	Single Disc
	Single Disc

	Position (m) from moderator
	9.3
	10.3
	15.6
	16.25

	Environment
	Vacuum
	Vacuum
	Vacuum
	Vacuum

	Installation Variant
	Horizontally split housing
	Horizontally split housing
	Horizontally split housing
	Horizontally split housing

	Bearing/Drive Type
	SKF G5 MB magnetic
	SKF G5 MB magnetic
	SKF G5 MB magnetic
	SKF G5 MB magnetic

	Outer Diameter (mm)
	1000
	1300
	1300
	1000

	Operating Speed (Hz)
	14(7)
	42
	28
	14(7)

	Disc Windows
	1
	7
	7
	1



1. [bookmark: _Toc501618917]Chopper Delivery
ISIS have extensive experience of delivering neutron choppers, including horizontally split, magnetic-levitating drive, vacuum variants as recommended for Freia.  However, the 1.3m diameter discs are larger than previously constructed and the relatively high speeds (up to 56Hz) and disc geometry (multiple windows) makes the discs technically challenging using conventional ISIS designs.
Early analysis suggests that carbon fibre may provide an engineering solution. As ISIS have little experience in designing and manufacturing carbon fibre, chopper suppliers have been approached - details can be found in ESS Freia Neutron Chopper Proposal [10].  Both Airbus and Mirrotron have expressed interest in carrying out feasibility studies to confirm the suitability of carbon fibre design.
ISIS has produced a design for a vacuum test facility for over-speed testing of concept discs, should further analysis show that discs can be made by ISIS.  Carbon fibre discs would likely be tested and commissioned by the chopper supplier.


[image: ]
[bookmark: _Toc501544708]Figure 13 :  large chopper disc over-speed test rig design (Freia FOC disc shown for scale) 
1. [bookmark: _Toc501618918]Chopper Performance
[image: ]
[bookmark: _Toc501544709][bookmark: _Toc483492205]Figure 14 :  Time-distance diagram. The colours of the choppers match those in Figures 2 & 3.
2. [bookmark: _Toc501618919]Beam Geometry Conditioning
[bookmark: _Toc501618920]Guide Collimation System
The guide collimation system is an interchangeable collection of beam defining and diagnostic equipment.  The collimation selector is a stable base with a translation stage that allows selection of various collimation options (see section 3.1.6).
[image: ]
[bookmark: _Ref500679166][bookmark: _Ref500679165][bookmark: _Toc501544710]Figure 15 :  Collimator Selector and beam defining equipment concept

The design concept for the collimator selector is for a ‘bread board’ table that is electrically driven using motion control (see Figure 15).  Guide sections will be housed in individual vacuum vessels.  This concept will result in more vacuum windows compared to guides driven within large single vacuum housing.  However, individual vacuum volumes will greatly increase the flexibility of the instrument for future upgrades, for example, polarisation and time-resolved equipment improvements.  
[bookmark: _Toc501618921]Slit Collimation Systems
The incoming beam will be horizontally focused by the guide and a range of angles can be selected by various slit collimation for differing modes of operation, as shown in Figure 16. 
[image: ]
[bookmark: _Ref500680746][bookmark: _Toc501544711]Figure 16 :  Slit collimation schematic for different modes of operation
For each reflectometry experiment a single incident angle will be selected. The incident angle will be defined using a pair of conventional reflectometry slits containing boron blades. The slits will define the incident angle and the beam size. Each slit set will include a vertical set of slits which will be used to define the beam width and manage the slight horizontal divergence.
When the inversion mirror guide option is used, the slits will perform the same role, but will be moved to align with the reflected beam rather than the direct beam.
[bookmark: _Toc501618922]Standard Reflectometry Slits
Standard reflectometry will be performed using conventional 4-axis stepper-motor driven neutron slits with optical linear encoders, readily available from specialist suppliers.  The slits will be positioned ~2m apart and designed to operate in all collimation modes (i.e. fully retractable for time-resolved mode).  Blades will be constructed from a suitable thickness of boron material (as yet to be defined) and careful consideration will be given to minimising neutron reflection from blade surface.
The current concept does not require the slits to operate in vacuum.  However, a vacuum compatible design will be considered during detailed design should it be beneficial to future upgrades.
[bookmark: _Toc501618923]Sample Slits
A small set of conventional slits (as above) will be provided that can be mounted close to the sample and possibly directly on the sample positioner.  These will not be required for all experiments so will need alignment features and to be easily removable.  Accessible motion control connections (power, encoder, limits, etc.) will be provided near to the sample position.
[image: ]
[bookmark: _Ref500835729][bookmark: _Toc501544712]Figure 17 :  Sample and beamstop slits
[bookmark: _Toc501618924]Sample Attenuator
The detector specification has a maximum rate requirement such that the detector is not saturated by a collimated beam – see Table 4.  In case this demanding requirement is not achievable a sample attenuator is required as mitigation. A similar component is employed on the Figaro instrument at ILL but the Freia design will be customised to Freia.  It may be possible to combine this into the design of standard reflectometry slits and this will be investigated during detail design.
[bookmark: _Toc501618925]Beamstop Slits
The beamstop slits are a small set of simple electrically driven atmospheric slits designed to protect the detector from the direct beam.  They will be located in the secondary flightpath and connected to the end of the detector vessel – as shown in Figure 17.
[bookmark: _Toc501618926]Time-Resolved Slit System
The time resolved slit system is a pair of 3 stacked slits capable of selecting between 3 different beam angles within a 1-3 second timeframe.  A concept is shown in Figure 18.
[image: ]
[bookmark: _Ref500840243][bookmark: _Toc501544713]Figure 18 :  Concept of time-resolved slit operation
Precision positioning in short timescales combined with geometrical constraints (shallow angles and small blades) makes time-resolved slits a significant challenge.  No solution is readily available for supply and the system will require engineering research and development.  An initial concept design study has been undertaken [25] to review potential solutions and define a development proposal.  The current preferred option is for blades to be driven independently using linear piezo drive technology, as shown in Figure 19.
[image: ]
[bookmark: _Ref500841989][bookmark: _Toc501544714]Figure 19 :  3-slit assembly design concept (single drive shown next to coin for scale)
It is intended that ISIS will develop this technology and produce a proof-of-principal prototype for review and engineering optimisation. 
[bookmark: _Toc501618927]Beam Monitors
ESS are responsible for the specification and technical delivery of the beam monitors to Freia requirements. The published “Characterization of Thermal Neutron Beam Monitors” paper does not contain a monitor of the desired performance for Freia. The monitor manufacture/procurement costs will be paid for by the Freia instrument. In the event of a desirable monitor solution for Freia not being available off-the-shelf, or through ESS development projects, the ISIS detector group would be open to discussion about investigating development of ISIS technologies. No monitor development delivery agreement currently exists so an in-kind delivery work package would need to be implemented.
[bookmark: _Toc501618928]Diagnostic Monitors
To aid commissioning and experimental set-up diagnostic monitors should ideally be included in front of every chopper in order to determine correct operation of each disc.  In practice space constraints and additional gaps required in the guide will make this difficult to implement.  It is suggested that several diagnostic monitors (at least 3) are incorporated into the design i.e. one diagnostic monitor on each chopper module.
[bookmark: _Toc501618929]Normalisation Monitors
Freia will require normalisation monitor/s before the sample that can be retracted from the beam owing to unwanted scattering and attenuation.  Space is extremely restricted before the sample so the monitors will need to be of minimal depth. 
2. [bookmark: _Toc484011106][bookmark: _Toc483492206][bookmark: _Toc501618930]Shutters
[bookmark: _Toc501618931]Light Shutter
The light shutter (also referred to as gamma shutter) will be designed and supplied by ESS. ISIS will supply the metallic guide section and housing to ESS specifications. No details of the ESS light shutter guide housing are available at the time of publishing this document.

[bookmark: _Toc501618932]Heavy Shutter
The current Freia bunker layout allows for a <750mm heavy shutter located just before the bunker wall at 11.5m (ref. SRS Id 13)
Two options are currently being investigated:
1) Vertical shutter
[image: ]
[bookmark: _Toc501544715]Figure 20:	Vertical translating shutter concept 

Advantages:
· Fails safe
· Components subject to radiation damage are located at high-level for improved access
· Large shielding area
· Shields fast neutron straight-beam when shutter open (possibly reducing instrument background)
· High accuracy and repeatability possible
Disadvantages:
· Height may be too large for installation and removal
· Cannot be integrated into chopper vacuum vessels so will require windows and increased gaps in guide


2) Horizontal shutter (based on ESS design)

[image: ]

[bookmark: _Toc501544716]Figure 21:	ESS type horizontally translating shutter concept 

Advantages:
· Fails safe
· Potentially an ESS facility standard design
· Possibility to integrate into chopper vessel, which removes 2 thin windows and reduces guide gaps
· Simple pneumatic actuator should be reliable in radiation environment
· Lower height means it can be installed and removed  
Disadvantages:
· Minimal shielding – possibly prone to streaming neutrons and increased background
· Changing high risk components (interlocks, limit switches, etc.) will be very difficult due to their location at base of bunker.  Shutter will become highly active so servicing will be a challenge.
· Pneumatic gas is compressible and has limited lifting capacity – and thus limited shielding.
· Repeatability on pneumatics with hard stops has limited control and may have reduced accuracy.
The operational benefits of a horizontally translating shutter appear to outweigh those of the vertical option and therefore this is currently the preferred engineering solution.  However, shielding size requirements will affect the ability to use a pneumatic option so the design cannot be developed until neutronic calculations can provide further information.
This component is safety critical and will be fully integrated with appropriate safety switches and interlocks into the Personnel Safety System (PSS). This equipment needs an evaluation according to ESS Rules for Radiation Safety Classification of Mechanical Equipment according to ESS-0033258
2. [bookmark: _Toc484011108][bookmark: _Toc501618933]Sample exposure system 
4. [bookmark: _Toc484011109][bookmark: _Toc501618934]Sample Positioning Equipment
The sample positioner will be designed to manipulate and position all anticipated sample environment equipment (ref. SRS Id 20-22). The maximum capacity is 750kg.
The concept design is for a 6-stage design (see Figure 22) including large Z for accommodating magnets, cross-arcs to control sample angle, small X and Z for fine tuning, and a large Y for translating SE equipment (e.g. liquid troughs).  Similar sample positioning equipment already exists on ISIS instruments. 
[image: ]
[bookmark: _Ref500683744][bookmark: _Toc501544717]Figure 22:	Concept Sample Positioner motion stages 
The sample positioner will be designed to accommodate an anti-vibration stage and a larger Y translation stage – that cannot be specified until Freia specific sample environment is designed (ref. SRS 23). The system will be consistent with ESS mounting standards as far as is possible and appropriate.
The challenging space constraints and accessibility requirements of the sample area means it is highly likely that an active anti-collision system will be required.  ISIS will review hazards with ESS and ensure that the system delivered meets safety requirements.
Consideration has been made to allowing as much space as possible around the sample position in order to accommodate future large sample environment equipment and automated sample changer solutions.  The concept design space envelope can be seen in Figure 23.


[image: ]
[bookmark: _Ref500935368][bookmark: _Toc501544718]Figure 23:	Sample equipment space envelope 
4. [bookmark: _Toc484011110][bookmark: _Toc501618935]Sample Environment Equipment
Detail of the sample environments required for Freia is given in the Con-op’s [1].
ISIS will consider operational space requirements for sample environment equipment and relevant mechanical interfaces [16].
4. [bookmark: _Toc484011111][bookmark: _Toc501618936]Other equipment
2. [bookmark: _Toc484011113][bookmark: _Toc501618937]Alignment components
Freia will require sample alignment equipment to control and accurately align samples.  Typically, this will involve the use of a sample alignment laser and interferometer.  Various solutions are available on ISIS neutron instruments and exact specifications will depend upon detailed design of the sample environment equipment, sample area components and window materials.
2. [bookmark: _Toc501618938]Neutron Detector System
5. [bookmark: _Toc484011117][bookmark: _Toc483492210][bookmark: _Toc501618939]Detectors
A multi-blade boron-10 detector is currently under development by ESS [23] to meet the following Freia specification:
	[bookmark: _Ref500683078][bookmark: _Toc501101303]Table 4	Freia Detector Specification

	Criteria
	Performance
	Notes

	wavelength range (Å) 
	2.5 - 12
	Up to 25 Å for pulse skipping

	efficiency 
	>45% at 2.5Å
	

	sample-detector distance (m) 
	3
	

	max instantaneous rate on detector (KHz/mm2) 
	>100
	

	size x (mm)
	300
	[bookmark: _GoBack]Electronics for a minimum active area of 250x250 – set as cost saving during scope setting meeting

	size y (mm)
	300
	

	spatial resolution horizontal (mm)
	2.5
	

	spatial resolution vertical (mm)
	0.5
	

	uniformity (%)
	5
	

	desired max window scattering
	10-4
	

	γ sensitivity
	< 10-6
	


ESS are fully responsible for delivering the Freia detector and electronics, including installation and cold commissioning [22].
A prototype multi-blade detector (Figure 24) was tested on the CRISP reflectometer at ISIS with excellent results. At the time of writing this report only preliminary data was available [27] with a publication expected in 2018. It was demonstrated that the boron-blade technology is mature and suitable for Freia. Further development will be engineering refinement and optimisation, including development of electronics and blade construction.
[image: ]
[bookmark: _Ref500751163][bookmark: _Toc501544719]Figure 24:	Multi-Blade detector prototype tested at ISIS 
5. [bookmark: _Toc501618940]Detector Vessel
A detector vessel helps to reduce air scatter in the secondary flight path.  The ~2.5m long vessel will be designed with the ability to hold vacuum and be capable of being filled with a gas below atmospheric pressure (e.g. argon).  Figure 25 shows the detector and detector vessel on a rotating bench, with minimum services requirements. The vessel will be designed to integrate with the detector in order to minimise windows.
[image: ]
[bookmark: _Ref500761567][bookmark: _Toc501544720]Figure 25:	Secondary flight path detector vessel
5. [bookmark: _Toc501618941][bookmark: _Toc483492211]Detector Positioning System
The detector will move on a horizontal arc and keep the detector focused on the sample at a fixed radius of 3m, as shown in Figure 26.  It is envisaged that an electrically driven bench, similar to those used on ISIS reflectometers (see Figure 27), is used as this provides greater flexibility for mounting different detectors and experimental apparatus (e.g. magnets, analysers).[image: ]
[bookmark: _Ref500766352][bookmark: _Toc501544721]Figure 26 :  Freia detector bench horizontal rotation 
[image: \\scnt02\User1\nw76\---------TARGET_2----------\LARMOR\photos\opticalbenches\testing\testing 2nd day\testing the benches 1.JPG]
[bookmark: _Ref500766283][bookmark: _Toc501544722]Figure 27 :  ISIS Target Station 2 reflectometry detector bench 
2. [bookmark: _Toc484011122][bookmark: _Toc501618942]Shielding
The radiation shielding will need to reduce dose rates outside of the experimental area as defined by ESS [19]. All shielding materials and design requires consultation with the ESS radiation protection advisor.  It will also be designed to help minimise backgrounds upon the detector. An initial analysis of the Freia shielding requirements has been carried out [18] but further investigations and neutronic simulations will be undertaken during detail design. 
6. [bookmark: _Toc484011123][bookmark: _Toc483492212][bookmark: _Toc501618943]Bunker to cave shielding
The neutron fight path will require radiation shielding from its exit of the common shielding bunker up to the instrument’s shielded experiment cave. ISIS will supply this to the neutronics specification of ESS. Until confirmed otherwise the shielding will be 400 mm steel and 600mm of standard concrete from the bunker wall up to the cave.  Borated materials are likely to be employed locally.  Guide vessels and chopper housings will be lined with boron as appropriate. 
6. [bookmark: _Toc484011124][bookmark: _Toc483492213][bookmark: _Toc501618944]Cave shielding
[bookmark: _Toc484011125][bookmark: _Toc483492214]Shielding hand calculations [18]  suggest that considerably massive shielding will be required to protect against gammas resulting from H2 events.  The reality of the conservative approach suggested in the ESS handbook should be examined in more detail using neutronic simulations and it may be possible to reduce shielding subject to approval from ESS.  However, a space envelope for conservative shielding (200mm steel + 500mm concrete) has been allowed for in the concept design.
6. [bookmark: _Toc501618945]Beamstop
A space has been reserved for a 2.5m deep beamstop, which can easily be increased in depth with little impact to the instrument layout.  An evacuated ‘get lost’ tube transports neutrons into the beamstop shielding assembly where they can be moderated and captured.  This helps to reduce scattered neutrons and capture gammas from the beamstop contributing to increased background on the sample area and detector. The design of ‘get lost tube’ and beamstop will be developed by ISIS using neutronic simulations.
2. [bookmark: _Toc484011107][bookmark: _Toc501618946][bookmark: _Toc484011127]Experimental Cave
[bookmark: _Toc501618947]Cave Structure
The cave is a shielding structure that will have a single access door at ground level.  The concept currently considers a roof hatch above the sample to allow for future proofing of loading large sample equipment.  However, currently identified sample environment equipment does not require this so the benefits will be examined more thoroughly during detail design phase.  The cave structure lies within the 12-degree assigned wedge, with a minimal portion of the shielding straddling the neighbouring ports.  The cave and surrounding structures are integrated with the current Loki design on port N7.  A layout design with sizes can be seen in Figure 28.
[image: ]
[bookmark: _Ref500769258][bookmark: _Toc501544723]Figure 28 :  Freia cave structure and approximate sizes 
The current concept includes an internal crane, a jib crane is shown but a gantry crane may be a more suitable alternative and the design will be optimised in the detail phase.
[image: ]
[bookmark: _Toc501544724]Figure 29 :  Loki/Freia shared access stairway to cave roof


2. [bookmark: _Toc501618948]Control Hutch
The control hutch will be located close to the instrument and there will be access to the roof, where control racks and instrument storage will be located (ref. SRS 43-47).
 
[image: ]
[bookmark: _Toc501544725]Figure 30 :  Freia instrument control hutch against Hall external wall
The hutch building and interior will meet Swedish standards for office space including mandatory standards for lighting (BFS 2006:12), ventilation (BFS 2006:12) and fire protection (BFS 2011:26).  It will be either constructed in-place as a free-standing building or a modular office building will be procured and installed.

2. [bookmark: _Toc484011128][bookmark: _Toc501618949]Utilities Distribution and Support Infrastructure
The main services to Freia will come from the gallery through a hole that will be shared with the Loki instrument.  Further ‘areas for penetration’ [15] within the assigned instrument wedge could additionally be used but will require cutting to requirements. 
The images below give an indication of the various service rack locations. Owing to restricted floor space the majority of the control racks are located on the cave roof. Figure 31 shows an initial layout of chopper, motion control, detector, vacuum racks all located on the cave roof towards the rear of the instrument.  This improves operational capacity as roof sections above sample equipment are still accessible.  There is space for further racks if required.

[image: ]
[bookmark: _Ref500688322][bookmark: _Toc501544726]Figure 31 :  Electrical rack layout concept 
Sample environment utilities supply (PBS code 13.6.11.5.6) will comply with ESS requirements [17].  A detailed design of service panels is not currently available so practicalities of service routes, operation and space allowance cannot be determined.  A generous space envelope has been allocated in the cave and in an external sample preparation area, as shown in Figure 32.  A space has also been allocated for bottled gasses that will be patched into the cave, e.g. an argon supply for the detector.   
[image: ]
[bookmark: _Ref500688516][bookmark: _Toc501544727]Figure 32 :  Sample environment and mechanical services layout 
Freia and Loki use a shared gallery service route, which is located between the instruments (see Figure 33).  Services are accessible and will divide between the instruments with multiple options of entering the cave and front ends of the instrument.  For example, gallery services for the sample preparation area and PSS could run at low level beneath raised platform, or enter the cave at high level, or even run externally between Freia and Loki to service the front ends and bunker.  
[image: ]
[bookmark: _Ref500688690][bookmark: _Toc501544728]Figure 33 :  Freia/Loki Shared gallery service route (shown in cyan)
The cave will contain an air conditioning system to ensure the stable temperature and environment that the motion equipment specifications will require.  Also, COSHH ventilation systems will be installed with a flexible extract hood local to the sample position. 
[bookmark: _Toc501618950]Bunker Services
The Freia design contains many components in the bunker which need services supplied (choppers, heavy shutter, etc.). Individual choppers and the large chopper modules will need to be easily removable and replaceable with minimal disturbance to services.  A concept layout is shown in Figure 34, where the chopper cabling is routed down one side of the beamline and all other services down the other side.  All routes and connections are designed to be at high level just below bunker roof in order to improve accessibility.  Chopper cabling will include connection points and umbilical assemblies as described in the relevant ESS chopper documentation (see section 3.2.2).
[image: ]
[bookmark: _Ref500770874][bookmark: _Toc501544729]Figure 34 :  Freia bunker services layout
Freia will require a large number of cabling and containment and modifications to the bunker shielding will be required to accommodate this.  A minimum space envelope can be seen highlight in red in Figure 35.  The effect of removal of bunker shielding material will be investigated with neutronic simulations and additional shielding installed as required.
[image: ]
[bookmark: _Ref500771205][bookmark: _Toc501544730]Figure 35 :  Freia bunker services route around chopper pit
9. [bookmark: _Toc484011129][bookmark: _Toc501618951][bookmark: _Toc483492217]Vacuum 
Freia will consist of 4 separated continually pumped vacuum volumes:	
1) Guide Vacuum Module 1 – located in bunker and consisting of chopper housing and neutron guide sections.
2) Guide Vacuum Module 2 – located in bunker and consisting of chopper housing and neutron guide sections.
3) Out of bunker – volume from bunker wall insert to sample consisting of chopper housing and neutron guide sections
4) Guide collimation – Several connected vessels that will translate
The volumes are shown in the instrument P&ID [12].  All volumes will need to operate at rough-process vacuum, <10-2 mbar.
All vacuum components, systems and seals will be designed to ESS requirements.
Vacuum volumes will require independent control with isolation and venting valves ideally located in accessible areas outside of the bunker.  ESS are responsible for design of the vacuum control and for the following Freia products:
13.6.11.10.5 Vacuum Control Racks      
13.6.11.11.4 Vacuum Control Integration VCI     
13.6.11.11.4.1 VCI Components       
13.6.11.11.4.2 VCI Sequency       
13.6.11.11.4.3 Epics IOC       
13.6.11.11.4.4 Vacuum control Racks and electronics

Further to these requirements a detector vessel and beamstop flight tube may require to be evacuated, sealed and monitored with a visual gauge.  These volumes will not need to be continuously pumped nor will they require vacuum control.
   
9. [bookmark: _Toc484011130][bookmark: _Toc483492218][bookmark: _Toc501618952]Electrical grounding
The Freia team does not see a practicable way of implementing the multiple grounding zones defined by ESS [24] and will work with the NSS Instrument Engineer and the Loki team to find a suitable solution.
2. [bookmark: _Toc501618953][bookmark: _Toc484011131]Personnel Safety System (PSS)
ESS are responsible for the design, delivery, commissioning and verification of the Freia PSS.  ISIS will be involved in the Hazard Identification process [14] to ensure all risks are identified.  An initial layout of the PSS racks is shown in Figure 36.  The location allows the operator to see the panel from the cave door and key exchange and the racks are located above a raised floor to aid cabling. 
[image: ]
[bookmark: _Ref500690240][bookmark: _Toc501544731]Figure 36 :  PSS racks and hardware 
An initial concept of the PSS system and location of safety critical components is shown in Figure 37.  This is for a basic schematic and for reference only, the detailed design will be carried out by ESS and ISIS will comply with requirements.
[image: ]
[bookmark: _Ref500690445][bookmark: _Toc501544732]Figure 37 :  PSS concept layout 
2. [bookmark: _Toc501618954]DMSC
The software components of the instrument are provided by the ESS Data Management and Software Centre (DMSC) and hence are outside the formal scope of the instrument construction Work Package.  Freia will make use of ESS standard software for data acquisition, experimental control and data reduction. Freia specific requirements will be communicated to DMSC.
2. [bookmark: _Toc484011132][bookmark: _Toc501618955]Motion control and Automation
The required specifications for motion control axes on Freia are given in the Freia table of motion axes [13].  Motion control will be implemented in collaboration with the ESS Motion Control and Automation group, following ESS guidelines and standards, in particular ESS-0037290 “Motion Control Components Standards for ESS Applications”.
1. [bookmark: _Toc484011133][bookmark: _Toc483492220][bookmark: _Toc501618956]System P&ID and interfaces
The Process and Instrumentation Diagram (P&ID) [12] is a simplified schematic diagram of the physical connections between the different subsystems of the instrument and between the instrument and the surrounding facility.  The P&ID (see Figure 38) includes electrical, signal and other connections between the different components as well as their schematic representation in their positioning in the instrument.  Utilities distributions like gases, water, etc. are summarized in media panels.  Excluded from the drawings are connections provided by CF or others, e.g. radiation monitoring in bunker or neutron guide hall.
[image: ]
[bookmark: _Ref483895209][bookmark: _Toc501544733]Figure 38 : Process and Instrumentation Diagram [12]
1. [bookmark: _Toc484011134][bookmark: _Toc483492221][bookmark: _Toc501618957]Preliminary safety analysis for the instrument.
The preliminary safety analysis for Freia is under way and will follow the ESS standard approach outlined in “ESS Guideline for Instrument Hazard Analysis”.[14]
The main hazards present at the instrument are ionizing radiation, chemical hazards, electrical hazards (particularly pertinent to the presence of substantial quantities of free liquid water), oxygen deficiency, fire and moving equipment. There is also the possibility for the use of cryogens (liquefied gases).
The shielding protects personnel outside the instrument from radiation hazards. For changing samples users need to have access to the experimental cave without being exposed to radiation. For maintenance purposes, all parts of the instrument also need to be accessible to ESS staff. This is achieved safely with the beam cut-off system. The light shutter (gamma shutter) radiation emanating from the target when the proton beam is not on target and allows maintenance work to be performed on downstream components upstream from the instrument shutter.
PSS access control will prevent opening any of the shielding components in a non-safe state and only allow access to the experimental or optical caves when the instrument shutter is closed and no harmful radiation is measured by the monitoring system. A search procedure ensuring that no people are inside is required to close the interlock and open the shutter. This needs to be performed in either cave if the door has been opened. All interlocked spaces have emergency stop buttons that close the appropriate shutters to prevent radiation exposure. The shutter systems are designed to fail closed. 
Chemical Hazards will be controlled by COSHH assessment and an appropriate extraction system for dangerous chemical fumes. Appropriate PPE equipment (lab coats, gloves, safety glasses) will be provided by the nearby chemistry laboratory and used as required within the sample preparation area and inside the cave.
Electrical hazards will be mitigated by appropriate fuses and an emergency power-off switch. There is the potential for water spills to cause electrocution (and other damage to equipment) so the use of sample environments that have the potential to spill water will be appropriately designed to avoid and thereafter control water spills. Operational procedures and safety training will also ensure safe work in the limited space around the sample area.
Oxygen detectors and oxygen level alarms will be installed in the experimental cave if inert gases create an asphyxiation hazard. Fire detection and automatic fire fighting systems will be installed at the instrument.
Operational procedures and safety training will ensure safe work with cryogens as well as other sample environment related hazards. Both caves and the control hutch will have emergency stop buttons to instantly cut off power of any motors accessible within the individual areas.
1. [bookmark: _Toc484011135][bookmark: _Toc483492222][bookmark: _Toc501618958]Expected instrument performance
The Instrument performance is outlined in the instrument proposal [2] and has not changed significantly. McStas simulations of the complete instrument as designed and presented here are ongoing and the details below will be updated as these results become available.
5. [bookmark: _Toc501618959]Neutron Flux
The transmitted flux at the sample position without collimation is shown in Figure 39. Since the instrument could be run in either a high-resolution mode (with wavelength frame multiplication choppers) or a low-resolution mode (without wavelength frame multiplication choppers), the flux from each of these modes is shown. The Figure also shows the sample footprint for small and large sample possibilities.
[image: ] [image: ]
[bookmark: _Toc501544734]Figure 39: Flux at the sample position with WFM choppers operating (left) and without WFM choppers operating (right)
5. [bookmark: _Toc484011137][bookmark: _Toc483492224][bookmark: _Toc501618960]Divergence and beam homogeneity
Work to confirm the divergence transmitted by the guide is ongoing.
5. [bookmark: _Toc484011138][bookmark: _Toc483492225][bookmark: _Toc501618961]Flux vs wavelength
The function of the wavelength frame multiplication choppers has been verified for the current chopper layout (as defined by engineering space requirements). This shows a small flux loss at the gap between the first and second frame that should be fixable with some minor adjustments.
[image: ]
[bookmark: _Toc501544735]Figure 40: Flux vs wavelength at the sample position, with and without the wavelength frame multiplication choppers
[bookmark: _Toc501618962]Glossary
	Term
	Definition

	BTCS 
	Beam Transport and Conditioning System 

	CF 
	Conventional Facilities

	CHIM 
	Chopper Mechanical Integration Module 

	DMSC 
	Data Management and Software Centre 

	FOC 
	Frame Overlap Chopper 

	GUI 
	Graphical User Interface

	HLSR 
	High Level System Requirements

	ISCS
	Instrument Source Co-ordinate System

	MCNP 
	Monte Carlo N-Particle transport code 

	NOSG 
	Neutron Optics and Shielding Group 

	PBS 
	Product Breakdown Structure 

	PSS 
	Personnel Safety System 

	SAC 
	Scientific Advisory Council 

	SAD 
	Scientific Activities Division 

	SE 
	Sample environment

	SRS
	System Requirement Specification [7]

	TCS
	Target Coordinate System 

	WBC
	Wavelength Bandwidth Chopper

	WFM
	Wavelength Frame Multiplication Chopper

	COSHH
	Control of Substances Hazardous to Health

	PPE
	Personal Protective Equipment
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