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1. [bookmark: _Toc473619092]INtroduction
1.1 [bookmark: _TOC_250050][bookmark: _Toc473619093]Purpose of the document

The document describes system architecture and physical layout of the T-REX instrument. The hardware and software are also described, as they result from the design work based on the functional requirements [1] as well as the constraint requirements that have been identified at this point. The purpose of this document, together with the System Requirements [1] and Concept of Operations [2] documents is to:

· Provide a documented description of the instrument design that can be reviewed and approved by the stakeholders in the Tollgate 2   review,
· Provide a description of the instrument in enough detail that its component parts can be designed in detail (“design-to specification”),
· Provide a description of the hardware and software system components in sufficient detail to assess whether they fulfill the functional requirements
· Discuss the expected scientific performance of the  instrument.



1. [bookmark: _Toc473619094]instrument overview
Neutron spectroscopy is based on the inelastic scattering of neutrons from condensed matter. The analysis of the scattering pattern can reveal properties, nature and characteristics of collective excitations, spin correlations and fluctuations and, eventually, help understanding their role in quantum phenomena, functionality of materials in energy research, soft-matter and life science. An asset in the inelastic neutron scattering experiments is the determination of the dependence of dynamical properties of materials on external experimental parameters, such as temperature, application of magnetic or electric field and pressure. Thanks to the high brilliance of the ESS and its time structure, these characterizations, nowadays limited by the intensity, will be routinely performed on T-REX.
The full scope layout offers its users a variety of configurations and capabilities to study a wide range of scientific questions. A list of examples, related to the scientific scope that T-REX should cover, are provided in the instrument proposal [4] and in the Concept of Operations [3].
From a technical point of view, the instrument consists of all the components listed in the instrument product breakdown structure (PBS), which are grouped below in main building blocks. In addition, the instrument includes the structures that house and support these subsystems and the software to control the instrument and process the data.

1. [bookmark: _Toc473619095]Instrument layout
The instrument is located at beamport W7, across three different buildings, D03 - Experimental Hall 1 (EH1), E02 - Guide Hall (GH), E01 - Experimental Hall 3 (EH3) and will view the top moderator. The main geometrical parameters (Section 2.2) define the layout in the experimental halls (Figure 1). The beam transport and conditioning components of instrument are located in Hall 2 and the Neutron Guide Hall and the experimental cave (Figure 14) is located in Hall 3.

[image: ]
[bookmark: _Ref473724886]Figure 1 Overview of T-REX at the ESS facility.


1. [bookmark: _Toc473619096][bookmark: _Ref473724860]Table of positions of components
	
	 
	 
	entrance
	exit
	Axis
	profile
	
	

	
	position [m]
	length [m]
	width [cm]
	height [cm]
	width [cm]
	height [cm]
	horizontal
	vertical
	horizontal
	vertical
	
	

	Origin
	0.00
	 
	 
	 
	 
	 
	 
	 
	 
	 
	
	

	in monolith insert
	2.00
	3.50
	9.00
	3.00
	6.38
	4.43
	straight
	straight
	linear tapering
	elliptic
	
	

	light shutter element
	5.50
	0.50
	6.38
	4.43
	6.00
	4.59
	straight
	straight
	linear tapering
	elliptic
	Cold neutrons guide field
	

	guide/bender exchanger
	6.00
	0.05
	6.00
	4.59
	6.00
	4.59
	straight
	straight
	linear tapering
	elliptic
	
	

	neutron guide 
	6.05
	16.45
	6.00
	4.59
	6.00
	8.27
	curve
	straight
	parallel
	elliptic
	
	

	Heavy shutter/neutron guide exchanger
	22.50
	1.50
	6.00
	7.57
	6.00
	7.76
	curve
	straight
	parallel
	elliptic
	
	

	neutron guide/bunker wall
	24.50
	3.50
	6.00
	7.76
	6.00
	8.07
	curve
	straight
	parallel
	elliptic
	
	

	neutron guide
	28.00
	4.00
	6.00
	8.07
	6.00
	8.27
	curve
	straight
	parallel
	elliptic
	
	

	Bandwidth chopper 1 assembly
	32.00
	0.05
	6.00
	8.27
	6.00
	8.27
	curve
	straight
	parallel
	elliptic
	
	

	Monitor 1
	32.05
	0.015
	
	
	
	
	
	
	
	
	
	

	neutron guide 
	32.065
	7.95
	6.00
	8.27
	6.00
	8.49
	curve
	straight
	parallel
	elliptic
	
	

	Bandwidth chopper 2 assembly
	40.00
	0.05
	6.00
	8.49
	0.00
	0.00
	curve
	straight
	parallel
	elliptic
	
	

	neutron guide 
	40.05
	55.95
	6.00
	8.49
	6.00
	8.50
	curve
	straight
	parallel
	elliptic
	
	

	neutron guide 
	96.00
	13.90
	6.00
	8.50
	6.00
	8.50
	straight
	straight
	parallel
	parallel
	
	

	Pulse Shaping chopper Assembly
	109.90
	0.20
	6.00
	8.50
	0.00
	0.00
	curve
	straight
	parallel
	elliptic
	
	

	Monitor 2
	110.10
	0.015
	
	
	
	
	
	
	
	
	
	

	neutron guide 
	110.115
	3.40
	6.00
	8.50
	6.00
	8.50
	curve
	straight
	parallel
	parallel
	
	

	neutron guide 
	113.50
	14.50
	6.00
	8.50
	6.00
	8.50
	straight
	straight
	elliptic
	parallel
	
	

	neutron guide 
	128.00
	32.00
	6.98
	8.50
	6.99
	8.49
	straight
	straight
	elliptic
	elliptic
	
	

	guide/polarizer exchanger system
	160.00
	1.00
	4.18
	5.18
	3.89
	4.91
	straight
	straight
	elliptic
	elliptic
	
	Guide field for spin rotation

	neutron guide 
	161.00
	0.93
	3.89
	4.91
	3.57
	4.61
	straight
	straight
	elliptic
	elliptic
	
	

	FAN chopper assembly
	161.93
	0.07
	 
	 
	 
	 
	 
	 
	 
	 
	
	

	neutron guide 
	162.00
	2.99
	3.57
	4.61
	2.22
	3.49
	straight
	straight
	elliptic
	elliptic
	
	

	Monochromating chopper assembly
	164.99
	0.02
	2.22
	3.49
	0.00
	0.00
	straight
	straight
	elliptic
	elliptic
	
	

	neutron guide/collimators
	165.01
	0.99
	2.21
	3.48
	1.50
	3.00
	straight
	straight
	elliptic
	elliptic
	
	

	Monitor 3
	166.00
	0.015
	
	
	
	
	
	
	
	
	
	

	sample position
	167.00
	 
	 
	 
	 
	 
	 
	 
	 
	 
	
	

	radial collimator
	167.50
	0.20
	 
	 
	 
	 
	 
	 
	 
	 
	
	

	Detectors
	170.00
	0.20
	 
	 
	 
	 
	 
	 
	 
	 
	
	



[bookmark: _Toc473619097]

sub-systems description
[bookmark: _Toc473619098]Neutron Optics
The neutron optics system consists of the beam extraction system (PBS 13.6.15.1.1) and beam delivery system (PBS 13.6.15.1.2). Their common purpose is to transport the neutron beam from the moderator to sample.

[bookmark: _TOC_250041][bookmark: _Ref468357351][bookmark: _Toc473619099]Beam extraction system (BEX). PBS 13.6.15.1.1 
BEX is composed by the Neutron Beam Port Insert (NBPI), the Flange Assembly (FA), the Light Shutter System (LSS) and Tool System (TS). A description of the current design solutions can be found in ESS-0061583. NBPI is to be designed by the ESS and will be provided by ESS. The NBPI provides the space to contain the neutron optics to transport neutrons to the remainder of beam delivery system. Moreover, NBPI implements part of the monolith containment, therefore it is sealed at its exit with the FA, which contains Al window of 4 mm thickness to separate the vacuum atmosphere in the monolith from the air atmosphere inside the bunker. NBPI works also as a shielding plug inside the monolith, therefore contains streaming shielding. The neutron guide inside the NBPI is nearly 3,5 m long, starts at 2 m from the origin and is asymmetrical tapered in the horizontal direction and elliptic vertically. The entrance is 90 x 30 mm and the exit is 64 x 44 mm. The m coating varies from 5 to 3.5 at the top and bottom mirrors, while the sides are coated with an m=1.5 supermirror. This ensures that the guide can be illuminated with ±0.1° divergence horizontally for the entire cross-section, while the elliptic shape transforms high into narrow divergence. The peculiar asymmetric shape enables an enlarged view of the cold moderator. The substrate here will be metallic Al or Cu, 10 mm thick. At the moment of writing two solutions are identified to align the neutron guide inside the NBPI: screw to spring or screw to screw, both can be integrated in the insert walls. The NBPI foresees a connection to the cooling system of the monolith to enable water cooling of NBPI, neutron guide and streaming shielding. Moreover, the TS enables the exchangeability of the Beam Guide components and the Shutter movements in the LSS. The LSS consists of shielding, Bridge Beam Guide Holder (BBGH) and Gamma Shutter.  The BBGH mounts the bridging part of the neutron guide from the monolith vessel to the bunker. It is currently considered feasible by the ESS groups to mount also the bender for extraction of cold neutrons and the polarizing bender inside a single frame of BBGH. This solution would make possible accessing the bender without removing the bunker roof, because the handling of BBGH will be operated from the basement. The Gamma Shutter will be parked in one of the available rooms (up or bottom) and used only during shutdown to attenuate the gamma beam from target and monolith areas.

[image: N:\PROJEKT\231_T- Rex\50 Zeichnungen Fotos\Staff Meating\Drawing Insert 01.jpg]
Figure 2 NBPI and the neutron guide inside it (in yellow). 
[image: ][image: ]
Figure 3. From ESS-0061583: LEFT: The Light Shutter System. RIGHT: an example of the Bridge beam Guide Holder. For T-REX the design will be adapted to contain three guide elements, of which one will include the bender for cold neutrons extraction and one the bender for cold neutrons polarization.  

[bookmark: _Toc473619100]Beam delivery system
The beam delivery system consists of: cold neutrons extraction system, neutron guide system and primary beam collimation system.

[bookmark: _Ref471912316][bookmark: _Toc473619101]Cold neutrons extraction system (CNEX). PBS 13.6.15.1.2
The CNEX consists of: Bender Element, Polarizing Bender Element, Guide element, Mechanical support, Motorization and Motion Control and Alignment. The reason for having such a system resides in that the instrument length enables to run experiments using a wavelength band of 1.67Å, but the scientific scope requests to choose the experimental band within a wider band, which requests in turn a bispectral extraction system, to extract efficiently neutrons from the thermal and cold parts of the moderator. The neutron guide axis is oriented towards the thermal part of the moderator, so that neutrons from the cold moderator fly with an angular offset towards the guide entrance and need to be reflected to the axis direction. This function is performed with a bender that reflects only neutrons from the cold moderator, with a cross wavelength at 2Å. The motorization put in place the bender element only when cold neutrons are used for the experiment and exchange it with a guide element to reach unperturbed guide illumination from the thermal moderator. The function of the Polarizing Bender will be described in Section 3.4. Currently two options are under consideration, to integrate the CNEX: if the bender is to be integrated in the Light Shutter System the exchanger would be the vertical actuator used to lift up and down the LSS and Gamma Shutter, otherwise the motion will be worked out in details in phase 2. Conceptually it would be a similar device, consisting likely of a vertical pneumatic or hydraulic cylinder or a screw-spindle. Independent from the chosen solution, the bender will be integrated and pre-aligned in a vacuum frame, together with a neutron guide element of nearly 45 cm, to make easier the alignment to the rest of the guide. The bender element will then be contained and aligned with screw to spring inside the mechanical support, which consists of a metallic Cu frame that works also as shielding. The frame will be constructed such that it can host three envelopes of similar dimensions, at three different heights. Therefore, the motion will have three stop positions, to bring the chosen element at the beam height. The requested accuracy is below 1 mm, because the over illumination strategy can be used here, by making the vertical dimension greater.
The bender consists of a solid state Si stack of 60 mm x 46 mm x 50 mm (W x H x L). Every Si channel is 0.15 mm wide and is sputtered on every side with a supermirror of Ni/Ti m=4. The exact position depends on the final adopted solution for integration: if placed inside LSS, the bender’s entrance would be at 5.95 m, whereas if placed outside LSS, the entrance would be at 6 m. Independently from the position, it is oriented towards the cold moderator with an angle of nearly 0.4°, requesting 0.1° accuracy to limit the change in performance below 10%. According to simulations, the bender provides nearly 85% brilliance transfer in the cold neutron energy range.

[bookmark: _Toc473619102]Neutron Guide system. PBS 13.6.15.1.2
It consists of optical elements, vacuum system, guide support structure, alignment.
The vacuum system will be provided by the ESS, therefore it’s outside the scope of the instrument. The vacuum tubes are included in the instrument budget. 
The optical elements form a tube of supermirrors, hereafter called neutron optics that transport neutrons to the sample position. The shape and properties of the neutron optics have been optimized with ray tracing simulations [1] for a beam collimation increasing from +/-0.25° in the thermal band to +/- 1° in the cold band, and a beam cross section at the sample position of 10 x 30 mm2. Integration of the fast spinning choppers requests to limit the cross section at their position. Moreover, to lower the background contribution from the prompt radiation, the NOSG of ESS recommended to prevent the sample area from being in the line-of-sight of the moderator. In turn, the vertical and the horizontal profiles of the neutron optics are shown in Figure 4, where the color code represents the m-index of the supermirror at every position. The optimization of the m-index has been worked out using the ‘back-tracing’ method and assuming a size of 50 cm for the single guide element.  The vertical shape consists of two elliptic extremities connected with a straight section in the center. The horizontal shape consists of a curved section of 60 mm width (R=19.5 km), 90 m long, to guarantee that the direct line-of-sight is broken, as a measure to reduce the background. Once the Line-of-sight is broken, the profile becomes elliptic to shape the beam at the sample position.
The supermirrors substrates will be chosen according to various considerations. Firstly, it has to be noticed here that standards and guidelines have been released by the NOSG of ESS in the document “ESS-0039408”. Paragraph 3.5 of the document says that in the first 28m only Al or Cu substrates must be used, beyond 28 m Borkron may be used (N-BK7 or S-BSL7), while Borofloat and Sodium glass will not be used because of poor damage resistance and gamma emission and activation issues, respectively. We used ray tracing simulations in Vitess, to estimate neutron losses along the beamline and therefore calculate the expected lifetime of different substrate materials [4]. If a reference value of 100 years of lifetime is given, the calculations suggest the potential use of Borofloat downstream 8 m from the origin of coordinate. It has to be noticed, anyhow, that the simulation was limited to the range of neutron wavelengths from 0.1Å to 10Å, which excludes in particular high energy radiation.
 [image: ]
[image: ]
[bookmark: _Ref472949744]Figure 4 Horizontal and vertical profiles of the neutron optics.
Typically, for sake of construction, the neutron optics is made of elements of nearly 0.5 m (depending on the details), and several elements are pre-aligned together to form a longer tube. The building blocks are contained in rough vacuum atmosphere (10-3 mbar) inside a vacuum pipe, whose specifications depend on supplier and final design. The vacuum pipe can be made of Al or steel and its cross section can be of circular or rectangular shape. Usually the entire pipe is broken in elements of a few meter length and the connections are realized with flanges or bellows, depending on the characteristics of the interface. The vacuum pipe usually integrates the alignment system and is mounted on mechanical adjustment systems. The entire assembly lays on the guide support structure, which is not yet specified in details. Since the instrument is installed across three buildings, the structure will be different by design in every building, whilst conceptually similar. In the guide hall the support structure lays on pairs of pillars, 1.1 m far and 40 cm off the floor. Every pair is 4 m far from the next one (along the beam path). We envisage to install I-beams on top of the pairs, perpendicular to the beam path, to sustain the vacuum pipe. In this area the vacuum pipe elements will be 4 m long, so that the connections correspond to the supporting beams. We envisage to use a similar concept in the other buildings, where similar pairs of steel pillars will be installed directly on the floor to reach the requested height (nearly 2m in D03 and 3 m in E01) and then connected with I-beams on top.

[bookmark: _Toc473619103]Primary beam collimation system. PBS 13.6.15.1.4.1
When specific measurements require a clean access to the small-angle region of the detector (down to 1°), such as collective dynamics of disordered systems or spin dynamics of powder samples, the last elements of neutron guide can be replaced by a honeycomb collimator, in order to provide a bi-dimensional collimation tighter than the natural collimation of the beam line. The honeycomb collimator partitions the whole beam cross section into smaller parallel beams of hexagonal cross section. The multi-beam hexagonal structure is made of an assembly of properly bent Al foils (0.1 mm thick and 99 cm long in the neutron flight direction), held together inside an external and thicker Al frame, having a cross-section slightly larger than the whole incoming beam (roughly 2x4 cm2). The thin Al foils are painted with Gd to absorb too-diverging neutrons.
Preliminary McStas simulations indicate that, to properly avoid contaminations from the direct beam at scattering angles as low as 1°, collimations tighter than 0.5° are necessary. To meet the different specific needs of each scientific case, two collimation options are available, namely 0.5° and 0.3°. These angular constraints, together with the collimator length of 99 cm, univocally determine the area of the hexagonal channels of the two honeycomb collimators.
The two honeycomb collimators and the corresponding last portion of neutron guide are installed on a motorised exchanger, that allows to vertically switch between the different options, i.e. normal guide or one of the two bi-dimensional collimators. The whole exchanger is installed inside an integrated expansion of the detector tank, as shown in Figure 5.
[image: ]
[bookmark: _Ref473725078]Figure 5. Expansion of the detector vessel where the honeycomb collimator system is installed (highlighted by the red frame).
In this way, the whole collimator assembly is kept under vacuum, ensuring an evacuated flight path for neutrons. For maintenance purposes, the collimator assembly is accessible from the inside of the detector tank. 

[bookmark: _Toc473619104]Beam shaping slit system. PBS 13.6.15.1.4.5
[image: ]The purpose of the slit system is to limit the neutron beam in an appropriate beam size in front of the sample and, therefore, it defines the size of the illuminated sample area up to a maximum size of 10 (mm) x 30 (mm). It will be mounted in vacuum atmosphere, directly upstream the neutron monitor n.3, which is placed in front of the sample. In order to save space for other components to be installed in the same area, the envelope size should be kept as small as achievable and the thickness should not exceed 60 mm. Since the instrument scope includes the use of magnetized SEE, the motorization will deploy suitable solutions to drive the slit. The model presented below is preliminary. It includes two B4C blades, as neutron absorber, which allow a symmetric variation of the beam size. Alternatively, 4 motions could be used to change beam height and width independently. The actuators are piezo driven and the tracks are made from ceramics to operate in magnetic field and under cryogenic vacuum conditions. For the same reasons the entire frame is made of Aluminum. 

Figure 6: 3D model of the slit system.

[bookmark: _Toc473619105]Choppers system. PBS 13.6.15.1.3
The chopper cascade of T-REX is realized by means of five Pit Assembly: Band Chopper 1 (BWC1), Band Chopper 2 (BWC2), Pulse Shaping Chopper (PC), FAN Chopper (FANC), Monochromating Chopper (MC). Each Pit Assembly is composed by a mechanical integration module (CHIM) and the chopper assembly itself. Two of them include fast spinning choppers (PC, MC) and three slow 14 Hz choppers (BWC1, BWC2, FANC). All chopper pits are placed outside the bunker to enable easy access during operation of the source. In addition, the project makes the provision of a T0 chopper Assembly (T0C1) to be installed, if the operational experience should prove that it is necessary to reduce background. Two potential positions are under consideration for T0 chopper assembly: inside the bunker at distance < 19 m and at 96m, downstream the LoS, so that potentially one more T0C may be installed at a later stage.
Moreover, the choppers system includes the motion control and support system to serve the choppers. The choppers system is interfaced with the support and utilities distribution infrastructure and integrated in the EPICS network, in particular to enable the synchronization with the general ESS timing system.
The chopper system provides the following functions: (i) Control of the illumination time and wavelength spectrum at the sample and (ii) Suppression of unwanted neutrons to the sample and detector.


	Chopper n.
	Chopper name
	Distance from moderator (m)
	Frequency (Hz)
	Function

	C1* 
	T0C1
	<19 or 96
	14
	Prompt pulse suppression

	C2
	BWC1
	32
	14
	Bandwidth selection 

	C3
	BWC2
	40
	14
	Bandwidth selection

	C4
	PC
	110
	< 252
	Wavelength resolution 

	C5
	FANC
	161
	14
	Selective pulse suppression

	C6
	MC
	165
	< 336
	Illumination time control


Table 1: Overview of chopper assembly. *see text.

[bookmark: _Toc473619106]Monochromating Chopper Assembly. PBS 13.6.15.1.3.7 
Firstly, the MC limits the time the sample is illuminated. Due to the long distance between the two fast chopper assembly, i.e. PC and MC, by limiting the illumination time, the MC controls mainly the time resolution, but has a very little effect on the wavelength resolution. Depending on the specific experiment, one wants to select the illumination time of the sample, to match the flight path uncertainties – from primary and secondary path - for a representative scattered neutron wavelength. The sample is illuminated with a repetition rate given by the MC frequency f6, which determines, univocally, the range of scattered neutron wavelength according to
[image: ]
The two individual discs of the chopper assembly have two different windows each, at inequivalent positions. The wider window is 4.3° wide and transmits the entire beam cross section, given by the neutron guide, whereas the smaller window of 2.5° constraints also the beam cross section and reduces the illuminated sample area to provide ultimate time-of-flight resolution. The choppers frequency provides a second mean of controlling the illumination time by variation in 14 Hz steps up to a maximum frequency  Hz.
The two discs have a diameter of 700 mm. To minimize the distance between the two discs in the assembly the choppers are mounted in ‘Over/under’ configuration.

Chopper 6 parameters:	Position: 164.99 m, 165.01 m
				Disc outer diameter: 700 mm
				Beam cross section: 23 mm x 35 mm
				Disc window sizes: 2.5°, 4.3 °
				Disc window positions: 0°, 175°
				Frequency: ≤ 336 Hz
				Disc material: Carbon fibers
				Absorber per disc: 200 mg/cm2 10B

[bookmark: _Toc473619107]Spindle units
The spindle unit is a magnet bearing system as used in all FZJ high speed choppers.

[bookmark: _Toc473619108]Enclosure
The enclosure needs to ensure the containment of all rotor fragments in case of rapture at high speed. The preferred material is a high performance Aluminum alloy to be not magnetized by the guide fields.

[bookmark: _Toc473619109]Vacuum
The chopper is operated under vacuum p ≤ 10-3 mbar.

[bookmark: _Toc473619110]Mechanical integration
Due to the short distance between the two discs we opt for the over/under configuration of the choppers and envision the use of the assembly variant “enclosure integrated DC-SR” described in ESS-0041205.

[bookmark: _Toc473619111]Pulse Shaping Chopper Assembly. PBS 13.6.15.1.3.6
Due to the large distance between PC and MC, PC defines and controls mainly the initial wavelength resolution. While for neutron energy-loss scattering the initial wavelength resolution dominates the overall energy resolution, for quasielastic or neutron energy-gain scattering, the contribution from illumination time and secondary flight path uncertainties become more important. Therefore, to optimize the experimental configuration of the spectrometer to the different cases, this chopper assembly has the two discs both equipped with two types of slits. The smaller slits on each disc are 20° wide, which exceeds slightly the angular range covered by the neutron guide cross section at this position, and provides the best wavelength resolution. The wider slits are 35°, which have been laid out for balanced contributions to the energy resolution from PC and MC in the case of elastic scattering. To avoid transmission of unwanted neutrons through the chopper assembly, the angular offset between the wider and the smaller slits in each disc is larger than the wider slit, i.e. 55°. The repetition rate of both discs is identical and is entangled to the one of PC discs. The repetition frequencies f4 and f6 must follow the ratio of the choppers distance from the moderator. For the given distances this results in f4/f6 = 1.5, which is realized by placing on the disc two identical windows at opposite positions, i.e. 180° of separation, resulting in a maximum spinning frequency of 252 Hz.
The two discs are 10 cm far from each other, along the beam direction, so that we choose the ‘horizontal split’ configuration with a common vacuum and possibly a neutron guide element between the discs.

Chopper 4 parameters:	Position: 109.95 m, 110.05 m
				Disc outer diameter: 700 mm
				Beam cross section: 60 mm x 85 mm
				Disc window sizes: 20°, 35°
				Disc window positions: 0°, 180°, 55°, 235°
				Frequency: ≤ 252 Hz, 0.75 x f6
				Disc material: Carbon fibers
				Absorber per disc: 200 mg/cm2 10B
[bookmark: _Toc473619112]Spindle units
The spindle unit is a magnet bearing system as used in all FZJ high speed choppers.

[bookmark: _Toc473619113]Enclosure
The enclosure needs to ensure the containment of all rotor fragments in case of rapture at high speed. The preferred material is a high performance Aluminum alloy, which meets the magnetic requirements imposed by the guide fields.

[bookmark: _Toc473619114]Vacuum
The chopper is operated under vacuum p ≤ 10-3 mbar.

[bookmark: _Toc473619115]Mechanical integration
The distance between the individual chopper disc allows the use of the “horizontal split module” chopper installation variant, described in ESS0041194.

[bookmark: _Toc473619116]Bandwidth Chopper Assembly. PBS 13.6.15.1.3.1 and 13.6.15.1.3.2
While the fast chopper assemblies determine resolution configurations and intensity at the sample, two 14 Hz discs limit the neutron wavelength bandwidth to 1.67Å, i.e. the natural bandwidth useful for experiments, and ensure that the sample is always illuminated from the same machine pulse. At a short pulse source one could assume that the chopper slit can be commensurate with the ratio between choppers distance from the origin and total instrument length. Due to the long pulse, the same consideration does not apply to the ESS. Thus, one needs to analyze the acceptance diagrams, i.e. a plot of neutron wavelength vs time at the source, where choppers openings are, therefore, represented as areas describing at what time neutrons of a given wavelength shall be emitted at the source, so that they can be transmitted through the chopper. We represent on left upper panel of 
[bookmark: _GoBack]Figure 7 the acceptance diagram for two subsequent source pulses. The colored areas represent the common transmission of the two BWCs, whereas the black lines the transmission through the MC, whose spinning frequency is fixed to 10 x 14 Hz, like it shall be in the High Flux mode (see Section 6). Since in this configuration the MC can transmit 10 sub-pulses per source pulse, the slits of the BWCs are sized in a way to ensure that the 10 pulses from MC will receive neutrons from one unique moderator pulse. On the right upper panel of Figure 7, we represent the acceptance diagram of BWCs from one source pulse. The two acceptance areas from BWC1 and BWC2 are represented with a different color. The choppers are phased so that there is overlap between the two accepted areas in the first neutron wavelength band. A different band can be selected by changing choppers phases. As it can be seen, the distances of the BWCs from the origin are chosen to shift the next common acceptance region two a wavelength above 35 Å. This assures that the bandwidth choppers suppress cross talk from 20 preceding moderator pulses. We also run Vitess simulations to cross check the results of this analysis.
As a result of our analysis the parameters for both bandwidth chopper assemblies are given in the following table.
Estimating the required absorber coating we consider that all four faces cut the trajectories of the neutrons outside the required band. Therefore, we chose a coating of the in stream direction first three layers with a 10B containing absorber and the final absorber layer containing Gd2O3.
To realize the low speed, but large diameter disc we opt for high strength Al-alloys as disc material.
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[bookmark: _Ref471910822]
[bookmark: _Ref473725941]Figure 7 Acceptance diagrams for the bandwidth chopper layout. Left: Accepted regions by both bandwidth choppers. The black lines give the accepted regions by the MC for a frequency 10x14 Hz. The angular width of the bandwidth choppers is chosen to assure, that each pulse passing through MC accepts neutrons from a unique moderator pulse. Right and bottom: The positions of the chopper are chosen to have distinct acceptance regions up to 35 Å.

BW chopper parameters:	Position: 32 m, 40 m
				Disc outer diameter: 1200 mm
				Beam cross section: 60 mm x 85 mm
				Disc window sizes: 56.1°, 75.3°
				Disc window positions: 0°, 0°
				Frequency: 14 Hz
				Disc material: Al-alloy
				Absorber : 3 faces 100 mg/cm2 10B, 1 face 50 mg/cm2 Gd
[bookmark: _Toc473619117]Spindle units
Due to the low chopper speed and the chopper position outside the bunker behind a heavy shutter we opt for mechanical bearing for the large diameter chopper discs.

[bookmark: _Toc473619118]Enclosure
The enclosure needs to ensure the containment of all rotor fragments in case of rapture at high speed. The preferred material is a high performance Aluminum alloy to be not magnetized by the guide fields.

[bookmark: _Toc473619119]Vacuum
The chopper is operated under vacuum p ≤ 10-3 mbar.

[bookmark: _Toc473619120]Mechanical integration
The distance between the individual chopper disc allows the use of the “horizontal split DC-LR” chopper installation variant, described in ESS-0041172.

[bookmark: _Toc473619121]T0 Chopper
The full scope instrument provides for the use of T0 (or prompt pulse suppression) chopper as a potential measure to optimize background conditions, once operational experience should show that it is necessary. Regardless its position, either inside the bunker or just upstream the PC, the T0C may prevent high energy particles, in particular high energy neutrons, from reaching the sample and detector position. It may be used to optimize the background level by mitigating the effect of fast radiation leaving the bunker, by placing it inside the bunker. Otherwise, by placing it just upstream the PC, it may attenuate the intensity of secondary spallation particles generated all the way from the bunker to the chopper. The chopper parameters are fixed by the following conditions:
1. Block fast particles during the entire interaction of proton beam with the target, including additional time to suppress also secondary events inside the monolith.
2. Do not restrict the high energy limit of the thermal neutron spectrum, i.e. allow the extraction of neutrons up to ~200 meV.
3. Do not restrict the low energy limit of the cold neutron spectrum, i.e. allow the extraction of neutron down to ~2 meV.
[image: ]
[bookmark: _Ref341700066]Figure 8: Acceptance diagram for a T0C at 19 m distance from the chopper, spinning at 28 Hz. Gray regions indicate the opening and closing of the guide cross section, black regions a blocked cross section. The blue and red lines show, how much of the pulse (from the end) can be used for ∆Ei/Ei= 2%, 10%, respectively.
Figure 8 shows the acceptance diagram for a configuration with a 300 mm diameter disc, a hammer, that covers 51° angular range, spins at 28 Hz and has a height of 80 mm, sufficient to block the guide cross section completely for 3.5 ms. Indicated by the blue and red line is the pulse length for a given wavelength to realize an initial energy resolution ∆Ei/Ei of 2% and 10 %, respectively. This confirms, that even for a neutron wavelength as short as 0.7 Å a relaxed resolution can be realized. It should be noted, that in particular for high Ei a much narrower energy resolution will be requested to study large energy loss scattering with good resolution.
We envision that the dimensions of the T0C are in line with other instruments that plan to install such a device. In particular DREAM should have a solution at an earlier time, which we would then adapt for T-REX.

[bookmark: _Toc473619122]Fan Chopper Assembly
The fan chopper prevents the sample illumination, if f,max is too short to record a predefined maximum energy transfer. By that the final wavelength range can be increased by integer multiples of f,max. This is accomplished by moving a chopper blade in front of the time window, when chopper 6 transmits neutrons. The time for opening and closing the beam is therefore two periods of chopper 6 reduced by the burst time of this chopper, 2/f6- 6≈ 5.9 ms, setting the upper limit for the angular blade width to 30º.
The fan chopper consists of 10 blades with a common axle. Each blade is operated by its own drive, to which it is connected by hollow shafts. The side view and the front view of the chopper prototype are shown in Figure 9. Several improvements of the design have been identified. A full piece base is foreseen to mitigate the resonance frequencies of the design beyond the 840 rpm, at which the chopper is spinning. Furthermore, the chopper control will employ standard solutions facilitate the integration and synchronization of the device.
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[bookmark: _Ref341946755]Figure 9: Front and side view of the fan chopper
Since the chopper will primarily be used in the coldish and cold energy range the 10B absorbing layer and Gd absorbing layers are combined to ensure an extremely low transmission, but also keep the high energy gamma production low.
Fan Chopper parameters:	Position: 161 m
				Number of discs: 10
				Disc outer diameter: 900 mm
				Beam cross section: 23 mm x 35 mm
				Disc width: < 30°
				Frequency: 14 Hz
				Disc material: Al-alloy
				Absorber per disc: 60 mg/cm2 10B, 70 mg/cm2 Gd

[bookmark: _Toc473619123]Spindle units
The spindle unit is a hollow shaft system with conventional bearing.

[bookmark: _Toc473619124]Enclosure
The enclosure needs to ensure the containment of all rotor fragments in case of rapture at high speed. The preferred material is a high performance Aluminum alloy to be not magnetized by the guide fields.

[bookmark: _Toc473619125]Vacuum
The chopper is operated under vacuum p ≤ 10-3 mbar.

[bookmark: _Toc473619126]Mechanical integration
The distance between the individual chopper disc allows the use of the “horizontal split” chopper installation variant, described in ESS-0041194.

[bookmark: _Toc473619127]Neutron Beam Monitors
The instrument project provides for the installation of three monitors:
· Monitor 1: just downstream the BWC2 assembly
· Monitor 2: just downstream the PC assembly
· Monitor 3: upstream the sample position, downstream all the other components in the primary spectrometer

All monitors shall be vacuum compatible. A compact design would be advantageous to limit the gap in the guide system at the monitors positions. Therefore, we consider a maximum thickness of 15 mm along the beam direction. 
We used ray tracing simulations to calculate the expected maximum peak flux at the monitors positions, which has been used to calculate the expected efficiency. For the calculations we assumed todays capabilities in terms of detection rate and electronics dead time and 10% of losses due to dead time in a paralyzed model.
	
	MONITOR 1
	MONITOR 2
	MONITOR 3

	ACTIVE AREA
	60 x 85 mm2
	60 x 85 mm2
	15 x 30 mm2

	PEAK FLUX:
	>1011 n/s
	>1010 n/s
	>1010 n/s

	MAX COUNT RATE
	50 kHz
	50 kHz
	100 kHz

	NEUTRON DETECTION EFFICIENCY
	<10-5
	<10-3
	<10-3

	DEAD TIME
	2µs
	2µs
	1µs











In all monitors, 2D readout structure should be implemented, but we feel that it shall be implemented in monitor 3, to enable characterization of beam profile during hot commissioning and, during regular operations, for beam diagnostic and fine adjustment of primary beam collimators. 
Several companies produce monitors with suitable specifications. To the best of our knowledge, two classes of monitors exist on the market: based on gas or solid state converting materials. Depending on suppliers and solutions, monitors may request different gas supply, for instance: 3He, N2, Ar, C02. 

[bookmark: _Ref469910909][bookmark: _Toc473619128]Neutron polarization system
Polarization analysis (PA) is a key feature of T-REX. It will be used to distinguish nuclear, magnetic and spin-incoherent scattering. Realizing PA for the entire neutron wavelength band of T-REX is a challenging task and, due to the bispectral character, it requires different components for cold and thermal neutrons, so that the best performance will be achieved in both the energy ranges. To realize polarization of cold neutrons, the PA system includes a polarizing bender, the guide field for the entire guide length and the spin flipper, whereas for thermal neutrons it includes the 3He cell and the guide field for adiabatic spin rotation. The analysis of spin after scattering from the sample will be obtained with the MAGIC PASTIS setup, which will include a wide angle 3He cell.

[bookmark: _Toc473619129]Polarized cold neutrons extraction bender
Cold neutrons for T-REX are fed into the transport system by the cold neutron extraction bender placed just outside the monolith, i.e. neutrons from the cold moderators can come to the instrument by passing through the bender only. Making the bender polarizing the transmission of requested spin state remains unaffected, while the transmission for the other spin state drops to zero, making the device basically an ideal polarizer.
At present we investigate the possibility to integrate the extraction benders into the gamma beam shutter (see Section 3.1.2.1), which will make the access to the component easier for maintenance and repair purposes. As an alternative also a lift directly outside the monolith is feasible. Here we have considered radiation hard equipment to move the neutron guide and benders and control their position.
The saturation field for the polarizing bender will be realized with electrical coils (see Figure 10). As a cheaper alternative it can be realized with high performance permanent magnets of NdFeB, which were found to suffer radiation induced demagnetization [5], if they can fulfil the ESS NOSG guidelines and recommendations. 

[bookmark: _Toc473619130]Cold neutrons guide field
The guide field for the cold neutrons must be realized for the entire flight path from polarizing bender to sample position. Between the polarizing bender and the thermal neutrons polarizer, a field of 1-2 mT is sufficient to hold the polarization of the neutrons, provided that at any position the field intensity is non-null. This field can be achieved, outside the bunker, using permanent magnet pillars connected by soft iron sheets that will create the guide field. Inside the bunker, where the radiation level will be high enough to induce demagnetization of the permanent magnets, we envisage an alternative solution, which is shown in Figure 10.
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[bookmark: _Ref342822977]Figure 10: Sketch of the guide field configuration inside the bunker. Split iron boxes surround the neutron guide. Coils around the iron create the guide field. The saturation field for the polarizer is created by a soft iron yoke embedded into a coil.
In this layout, the neutron guide will be surrounded by iron boxes, which can be made thick enough to be relevant for the shielding of fast neutrons. Wires are wound around the iron boxes, so to form a coil to induce a magnetic field inside the iron, which give rise to the guide field in vertical direction. To achieve a field strength of 1-2 mT, the first estimate yields a required current density of j≈2Amm-2, which we consider feasible to realize with Al wires of 1 mm2 section. Power supplies characteristics will be determined according to the final design, because they depend on the design parameters of the coils, especially current and voltage. Power supplies and control racks for the coils will be installed outside of the bunker. Cabling must be done using the channels through the bunker wall.

[bookmark: _Toc473619131]Cold neutrons spin flipper
We envision placing the flipper for the cold neutrons close to the thermal neutrons polarizer. Due to the narrow bandwidth, several options exist to flip the neutron spin, including current sheets or Mezei flippers, where the field strength can be varied synchronous to the source frequency to achieve effective flipping for each pulse within one band. This concept is currently being developed for wide band spectrometer LET at ISIS. Due to the narrow band of T-REX the implementation should be significantly easier. For the thermal neutrons, an additional flipper is not needed as the 3He polarization of the polarizer spin filter cell is flipped by adiabatic fast passage (AFP).

[bookmark: _Toc473619132]Thermal beam 3He spin filter cell
The thermal beam polarizer will be installed on a translation stage similar to the existing solution for the TOPAS spectrometer. By continuous optical pumping we achieve a high degree of polarization, which exceeds the time averaged polarization of ex-situ polarized spin filter cells.

[image: ] [image: ]
[bookmark: _Ref342835492]Figure 11: Translation stage with thermal beam polarizer and neutron guide element as build for TOPAS. Left: 3D model. The box on top is the cooling device. Right: Photograph during the assembly in Jülich.
Figure 11 shows the translation stage with the neutron guide element and the continuously pumped SEOP spin filter cell. It consists of a magic box, i.e. a µ-metal box with coils around the vertical walls to provide a very homogeneous field with long relaxation time T1 for the decay of the 3He polarization, an oven to keep the spin filter cell at a constant temperature of ~ 200 K and the LASER system to illuminate the entire cell homogeneously. The LASER of the existing system is an industrial solid state LASER diode, LASER class 4. The system is operated in an interlocked enclosure to ensure LASER safety requirements. A cooling device removes the heat from the high power LASER.
For the AFP flipping, an additional Radio Frequency coil is installed. 

[bookmark: _Toc473619133]Guide field for adiabatic spin rotation
In order to perform XYZ polarization analysis, the polarization of neutrons shall be selectable in three orthogonal directions. This is achieved by rotating the spin adiabatically into either beam direction, vertically or perpendicular to the two other directions. For TOPAS FZJ groups have developed a very compact system to rotate the spin downstream the M-chopper, which fulfil the same function of C6. Since the space constraints existing in that case do not apply for T-REX we change the concept slightly and use the whole distance between the thermal beam polarizer and the sample area, hence reducing the field rotation frequency. For the rotation in the two direction transverse to ki, a series of rotatable Hallbach magnet rings can vary the field direction keeping the adiabaticity coefficient well above 10 also for the shortest wavelength. A series of coils creates the guide field for the rotation in longitudinal directions. By doing so, the region in which the polarization is rotated is shifted further away from the sample area, so that to reduce the influence of the field inhomogeneity further away from the sample. Downstream C6 the field strength can be reduced, because from there on the spin polarization must only be held. This will reduce the effect of stray fields at the sample position, where the PASTIS coil setup must generate a field as homogeneous as possible, to enhance T1.

[bookmark: _Toc473619134]Scattered neutron polarization analysis
We opt for a 3He spin filter cell (SFC) for the analysis of the neutron polarization after scattering. Using C shaped or Banana shaped cells a large fraction of the solid angle can be analyzed.
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Figure 12: Model and photograph of the PASTIS setup for TOPAS.
[bookmark: _Toc473619135]Wide angle spin filter cell
The Polarization group of JCNS has long standing experience in the development and production of spin filter cells made of GE180 glass. For the polarization analysis of TOPAS a Donut shaped cell and a C-shaped cell have been manufactured at FZJ. These cells can cover a wide range of scattering angles. Their scattering pattern has been measured by means of ToF spectroscopy and it results in a flat, rather isotropic, feature, which can be suppressed during the experiments by the radial oscillating collimator. As an alternative we consider the use of Si wide angle cells as developed at the ILL. In contrast to the glass cell, the parasitic scattering consists here of sharp features (Bragg peaks and phonons). The development of two cells suitable to different applications will be pursuit, if budget enables. Within the construction we will prioritize the glass cell, for which the know-how is established in JCNS.

[bookmark: _Toc473619136]Magic PASTIS coil configuration
For the TOPAS spectrometer, JCNS groups have developed a setup, which provides a highly homogeneous magnetic field over a large volume to include a fairly large SFC. The system features a wide angular range not blocked by structural material. Two large coils in approximate Helmholtz configuration and two smaller correction coils generate the vertical field. Current sheets wound around µ-metal plates and a pair of rectangular coils induce the field in the horizontal directions. Solenoid coils homogenize the field, so that a longer T1 can be achieved. The upper µ-metal sheet features a void to host SEE, up to a diameter of 70 mm. The control system for the power supplies of the entire system has been implemented already for TOPAS and will be easily adapted for T-REX with minor changes.

[bookmark: _Ref468357064][bookmark: _Toc473619137]Heavy Shutter system
The heavy shutter is composed by attenuation material, neutron guide element, motion and control, vacuum enclosure and vacuum system, Al windows and it is interfaced with the PSS. The system is placed close to the bunker wall at a position to be defined once the design will be finalized.
The attenuator shall diminish the actual dose level down to 3 µSv/h at the Bandwidth Chopper 1, which is placed 4 m downstream the bunker wall at 32 m from the origin. The attenuator shall block off the opening in the bunker wall, with a minimum gap and fulfill the ‘10X rule’ from NOSG Handbook. Therefore, the cross section, which is estimated in 260 x 260 mm2, is determined by the gap and the neutron optics cross section at the bunker wall (≤ 60 x 78 mm2). It is assumed that the neutron optics will be lined with streaming shielding inside the bunker wall. Attenuation material and thickness are not yet defined, because we do not have MCNP simulations for it. Preliminary estimates can be guessed from the simulations already performed for the MAGIC instrument. The 1.2 m heavy rotary drum shutter proposed by the MAGIC instrument team consists of 20 cm sections of: Borax (epoxy 50% + B4C 50%), steel, steel, Borax, steel, and tungsten/paraffin mixture (11.3 g/cm3). It reduces the dose rate to 15 μSv/h outside the bunker wall. Scaling these parameters for the T-REX instrument would lead to increase the total thickness to nearly 1.5 m by scaling the elements thickness by 5/4. One may also replace part of the steel by tungsten for higher attenuation and more compact design, as proposed for DREAM. Indeed, it has been estimated from MCNP6 simulations for the T0 chopper of DREAM, that a block of tungsten of 45 cm length (see attached “Report on fast neutron background and T0 attenuation for DREAM” by V. Santoro and W. Schweika [2]) is sufficient to bring down the dose from fast neutrons to 1 µSv/h. This should be accompanied by additional B-attenuator to absorb lower energy parts of neutron spectrum. While calculations for a proper design of a heavy shutter at the ESS are still pending, we assume that an attenuation length of maximum of 1.5 m is sufficient, independent on the design details.
The simplest and baseline engineering design uses a separated vacuum atmosphere, which is the least complex and most cost efficient, but has the drawback to introduce four additional neutron windows in the beam (0.5 mm AlMg3).
Based on this concept a mainly horizontal rail system can carry both the absorbing block and a guide element of equal length. The system may be spring loaded to be closed and opened by a pneumatically operated cylinder against a spring force. A slope of the rails can support the spring force. Therefore, the system shall be fail-safe.
The interface to PSS is not yet defined in details, but it is assumed that the heavy shutter open position shall prevent human access to the experimental cave as a minimum safety requirement, to prevent any radiological consequences for public and workers due to H1 and H2 events [ESS-0016468]. 

[bookmark: _Ref468356991][bookmark: _Toc473619138]Shielding
As described in ESS-0001786, for Supervised Areas at the ESS, the long-term whole body dose for normal operation (H1) shall be less than 3 µSv/h, whereas the dose to a worker from H2 event shall not exceed 2 mSv. Therefore, firstly the shielding shall avoid exceeding an actual dose rate of 3 µSv/h, outside it, as requested. Moreover, the shielding should be optimized to achieve the low level of background requested, if budget allows it. There are two distinct shielding areas along the instrument: inside and outside the shielding bunker. The bunker itself is outside the instrument scope and will not be treated in this document, but attention will be paid to the integration of the instrument shielding into the bunker, once the details of the bunker and the shielding will be issued. As an example, we mention the ‘floor steps’ recommendation from the NOSG Handbook, according to which a number of three floor steps should be envisaged before emerging from the bunker, as a measure to reduce the ground shine at the instrument. Moreover, the physical interface between bunker wall and instrument shielding will be designed according to the ‘10X rule” (p34 NOSG handbook).  Outside the bunker, the instrument shielding stretches from the bunker wall to the end of the instrument in the beamstop and hence includes in particular the experimental cave, for which the corresponding requirements apply not only with respect to safety but also with respect to achievement of low background level by reducing the skyshine and groundshine and by preventing the instrument to be source of skyshine for neighbor beamlines.

	
	Steel (m)
	Concrete (m)

	< 28 m
	Inside bunker (see below dedicated section)

	28 m < L < 45 m
	0.35
	0.3

	45m < L < 50 m
	0.25
	0.3

	50 m < L < 162 m
	between 0.18 and 0.28, according to m-index
	0.6

	162 m < L < 172 m
	Experimental Cave (see below dedicated section)


[bookmark: _Ref466887286][bookmark: _Ref466887280]Table 2 Shielding design parameters 

The shielding design parameters along the guide are chosen according to the ‘ESS process for shielding cost’, as in Table 2. Between 28 m and 50 m from the moderator the radiation from the target dominates the load on the shielding, while beyond 50 m the gamma production by the absorption of thermal neutrons in the coating governs the shielding requirements.


[bookmark: _Toc473619139]Shielding inside the bunker
The instruments components inside the bunker are: the beam extraction system (NBEX), the cold neutron extraction system (CNEX) and the segment of guide system from 6 m to 28 m (the bunker wall is from 24.5 m to 28 m). The streaming shielding in the NBEX is outside the instrument scope, but materials and shape will be defined in collaboration with the ESS. The CNEX includes a Cu frame to house the optical components and works as a streaming shielding. The guide structure will be lined with B4C or B4C-epoxy sheets of 5 mm thickness, as recommended by ESS NOSG, to make possible faster access during source shutdown.
Inside the bunker, the NOSG recommends to deploy a series of Cu collimators to reduce the cross talk from neighbour beamlines and to further collimate the prompt radiation. The collimators should be max three and can be up to 1m long in beam direction and 25 cm thick in perpendicular direction. The concept is not yet proven to reduce the background level at the instrument, since a full simulation of the entire bunker is extremely demanding in terms of computation effort. The collimators should be placed as close as possible to the supermirrors, therefore a frame of Cu could be integrated inside the vacuum pipe of the guide to surround the neutron optics, with a minimum gap. To maximise the effect, in proximity of the collimators the substrate can be Cu, as well. 
In phase 2 it will be detailed how to integrate the guide elements inside the bunker feedthrough blocks. Currently this is an open issue since the bunker is in design phase and potentially the bunker wall can host the heavy shutter if a rotary motion is chosen. 

[bookmark: _Toc473619140]Shielding from bunker to Experimental Cave
The area outside the bunker stretches from 28 m up to the experimental cave located at nearly 162 m, in building E01. The shielding concept and design in this range is presented in Figure 13. It is based on the assumption that a 0.5 x 0.5 m2 free space will be dedicated for the guide systems all over the shielding. Also, in addition to the radiological aspect, concrete will be used as support for the remainder of the shielding. Currently this concept is under investigation using MCNP simulations and analytical methods and the final layout will result from optimization for background. 
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[bookmark: _Ref466888504]Figure 13 Current Shielding design outside the bunker, according the ESS cost process (blue: steel, grey and hatched: d=2.3 g/cm3 concrete).
Two areas are identified: within direct line-of-sight (LoS) and outside LoS. Since the instrument emphasizes the use of thermal neutrons and requests a fairly large divergence, avoiding the LoS is not straightforward. The neutron transport concept relies on extracting a wide, low divergent beam, which is then curved horizontally with a large radius of curvature to avoid too many reflections and large scattering angles. In turn, the LoS is broken at 96 m. Within LoS the shielding shall absorb and reduce primarily the dose of fast neutrons and muons originating from the spallation source escaped from the bunker collimation. Around the Bandwidth choppers the shielding shall absorb backscattered neutrons as well. Materials requirements are under investigation and their finalization depends on detailed information about the energy spectra of particles produced at the spallation source, but some considerations can be applied already here. We expect that, within the LoS, a significant fraction of shielding will be of steel and/or lead and boron enriched concrete. 
Outside the LoS, the beamline shielding parameters in Table 2 are driven from the observation that after 50 m at the ESS the gamma emission from the guides seems to become the dominant cost driver, therefore the shielding shall absorb mainly the gamma radiation originating from neutron capture in the supermirror. As a consequence, a fraction of it will be steel and/or lead, but it could be made in larger fraction of concrete, pending on load tolerance and available space. Nevertheless, in order to meet the requirements of low background, the shielding has to stop fast and epithermal neutrons escaped from the collimation and the less energetic particles generated in the secondary spallation events within the LoS. It is likely that the fraction of heavier materials foreseen in Table 2 will be reviewed and reduced after completion of MCNP simulations and, in case it should show as necessary, a number of horse shoes or collimators will be used at key positions to attenuate fast or epithermal neutrons.
Although standard concrete is used for the design, using PE concrete might also be an option depending on the costs and NOSG advices. 

[bookmark: _Toc473619141]Shielding of Experimental cave
The cave structure - see Figure 14 - will be assembled mainly from standard concrete (d=2.3 g/cm3) blocks, reinforced with 100 kg/m3 of steel. The ‘10X rule” (p34 NOSG handbook) will be applied for the block assemblies. Its footprint on the floor will be 10.5 x 11 m2. Its height will be 6 m internally for manipulation of the local jig crane. 
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[bookmark: _Ref472523747]Figure 14 Experimental Cave from top view. The roof is translucent for clarity.
The shielding of the cave shall lower down the dose rate from neutrons and gamma rays to the actual level of 3 µSv/h. The calculation of the required thickness is based on the assumption that the polychromatic neutron intensity (109 n/s) is converted into gammas, emitted in 4π steradians, by a sample made of 50% Cd and 50% Fe, which is considered the worst case scenario for neutrons to gammas conversion and may also represent an H2 event in which SEE is misaligned by accident. The distance between sample and wall is given by instrument parameters and requirements: nearly 5.4 m in horizontal plane, whilst the distance between sample and roof shall be at least 2.9 m to enable handling of the largest SEE with the crane. The thickness of walls and roof is chosen such that the attenuation power of concrete walls reduces the calculated dose level down to 1µ Sv/h, as requested by the NOSG Handbook.
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Figure 15 Attenuation of gamma dose rate at the cave wall (left) and roof (right).

As it can be seen nearly 30 cm of concrete are necessary for the walls and 50 cm for the roof. As a comparison it is shown that 7 cm and 12 cm steel would work as well, for the walls and roof, respectively. In order to reduce the backscattering from the concrete and absorb thermal neutrons, it has been assumed that the inner side of the cave is lined with borated rubber or epoxy or similar, in sheets of 5mm. With these dimensions, the load on the footprint of the concrete walls would be lower than the limit for floor deformation requirements: 4.1 t/m2 from the walls, whereas the roof adds 3.2 t/m2.
A beam stop will be installed after the detector in forward direction. It will absorb all the neutrons not scattered by the sample and sample environment.
[bookmark: _Toc473619142]Experimental Cave
It will host the following instrument components: the last 6m of guide system, the M chopper, the sample-detector vessel, the SEE in use for the experiment. Users and operators will have physical access to the cave from the back at hall floor. To access one will need to open a sliding door, made of neutron absorbing materials and coated with 5 mm borated rubber or equivalent. This door will be 2m wide. A free path is available from and to the Sample Environment Preparation Lab, placed on the other side of E01. Moreover, nearly 1 m wide free path behind the detector is required for maintenance operations.
The floor will be raised by nearly 2m below guide elements and choppers, in order to adjust the height to the beam height, which is +3.14 m in E01. The detector vessel will be installed on a raised floor of nearly 70 cm, to accommodate to the beam height. The supporting floor will be structured in wedges to allow the installation of vacuum pumps from bottom. Stairs will allow users and operators to reach the level of the vessel entrance and its roof. From both levels one can access to the sample area. It should be noted that the sample stick will be handled comfortably from the top of the vessel, since the top flange of the sample vessel will be only 40 cm below the floor level on top of the vessel. Anyhow side access to the sample area is foreseen to enable wider flexibility. A 1t capacity jig crane will allow the handling of any component from the cave entrance, sample area, elevated floor and ground floor. 
[image: ]
Figure 16. 3D rendering of the Experimental Cave.
Is envisaged to install a utility supplies setup at less than 2m distance from the sample position. The setup will likely consist of several panels, placed at a convenient height, in any case at more than 1 m above the floor. The setup includes the required utilities for running sample environment equipment: cooling water, gases, exhaust, power and cable patchy panel (see the reference doc ESS-0038163 for details). Additional space will be left free for SEE auxiliary equipment: 2 areas of 0.5 m2 and 2 areas of 0.4 m2 at less than 2m from the sample point.  Another utility supplies setup will be installed in the area defined as "preparation area", where the SEE for the next experiment will be staged to allow a rapid changeover. Around the wall or ceiling openings, in particular those necessary to led semi-permanent cables or pipes for utilities and ventilation, the joints will be designed using the labyrinth concept, in compliance with the ESS standards. For a day-to-day connection to SEE a conduit will be provided. 
Since the instrument scope conceives the potential use of magnetised SEE (< 10 T), the materials used in a distance within 1 m from the sample position will be no magnetic or active shielding will be used to avoid malfunction and permanent damage of electric motors. Aiming at potential use of more intense fields, the ESS-0038078 recommends increasing the distance at 2m, therefore particular precaution will be used for the M chopper, since it will feature magnetic bearings and its distance from sample cannot be increased by design. The experimental cave shall be equipped with Oxygen Deficiency Hazard (ODH) sensors connected to the safety system, due to the use of liquid N2 and He as a cooling media for SEE and the required Ar/CO2 gas supply to detectors.
The cave will comply with the other PSS requirements to ensure safety, i.e. water leakage detection, remote video surveillance, routine for cave access and keys.  
The experimental cave will host the vacuum system of the therein installed guide elements, M chopper, detectors: pumps, power supply, vacuum pipes. In particular, the vacuum system of the detector vessel will consist of several pumps, which will be preferentially located below the vessel at floor level (we remind that the vessel will be suspended on a platform). Moreover, the M chopper pit needs to be serviced with chilled water. 
The cave will also host several racks: SEE, detector DAQ, DMSC, vacuum control, Motion Control, M Chopper control. Their position will be decided at later stage, as a rule of thumb, they will be placed as close as possible to the relative component. The cave will be well-lighted according to the existing regulations on work places.

[bookmark: _Toc473619143]Sample Exposure System (13.6.15.2) 
The Sample Exposure system is composed by Sample Positioning (13.6.15.2.1) and Sample Environment Equipment (13.6.15.2.3).

[bookmark: _Toc473619144]Sample positioning
To resolve the excitations of disordered samples it is sufficient to determine the scattering angle from the position on the detector, the neutron time-of-flight from the time stamp of the detected event and the initial neutron energy from the phases of the chopper system. On the contrary, to map out the excitations in single crystals, it is necessary to control the orientation of the crystal axes with respect to the spectrometer coordinate system. Basically this requires the knowledge and oriented installation of the specimen and one sample rotation to access all four dimensions of Q and . This can be realized by the usage of a rotation sample stick on any SEE. Typically, the elastic scattering channels will contain many Bragg reflections to align the reciprocal lattices. The procedures for this have already been implemented at the existing chopper spectrometers equipped with position sensitive detectors.
For special cases it might be necessary to align the crystals very precisely on the neutron beam, e.g. to put a certain crystallographic direction parallel to the direction of an applied magnetic field. For such cases we envision the use of remote positioning of the sample inside the SEE.  Such a system could either rely on AttoCube positioner or employ mechanics as developed at the ILL.

[bookmark: _Toc473619145]Sample Environment Equipment
The ESS Scientific Activities Division issued guidelines [ESS-0038078] regarding the mechanical interfaces between Sample Environment Equipment (SEE) and the ESS instruments, providing a description of all physical requirements that affect the process of preparing, moving, mounting, using, demounting and removal of SEE.  Some of the guidelines are already integrated in the TG2 documentation, anyhow they will be followed, in order facilitate fast and safe SEE turnaround. In addition, the checklist from SAD is attached to this document (see attachment [6]), where more information and instrument specific requirements are summarized about support laboratories, SEE control system, SEE utility supplies and sample handling.
During the experiment the SEE will be operated in the vacuum atmosphere in the detector vessel. To enable the exchange of SEE, the load lock system separates the sample vessel from the remainder of the vessel volume, without affecting the vacuum in the vessel. 
A small pump system consisting of a turbo molecular pump and a pre-pump enables fast evacuation of the sample volume for sample or SEE change.
The vessel is designed to accommodate a wide variety of SEE from the ESS pool (HLSR 14). 
The vessel is able to accommodate SEE of 1000 mm in inner diameter (XL type has 800 mm, according to SAD definition). 
The XL type SEE of total height of 2 m can be installed inside the cave using the instrument crane. The height of entrance doors to the cave is 3 m, allowing the delivery of the box and cylinder components, without removing the roof.
At the moment of writing the following SEE, which are part of the full scope equipment of T-REX, are part of the ESS pool: (1) Vertical cryomagnet of 7T, (1) Paris-Edinburgh Cell, (2) Gas cells < 1 GPa, (2) Gas Handling systems. Assuming these items will be available, the following items have been addressed as part of the full scope as instrument dedicated SEE or to be shared in a mini-pool with other instruments: CCR, ILL Furnace, Clamp cells < 3 GPa, 6kV HV supply. An Orange cryofurnace is included in the instrument budget as the only instrument dedicated SEE on the first day. The cryofurnace is a standard variable temperature cryostat, with an extension to temperatures above room temperature. By means of a top-loading sample stick, the sample is loaded into an aluminum chamber, in which the cryogenic atmosphere is obtained. The temperature is typically varied in the range 2K-500 K by means of liquid N2 and/or liquid He, which are to be supplied with movable dewars. Consumption of liquid cooling media is estimated in nearly 100 cc/hour. Above the 300K the temperature is controlled with the furnace, instead.	

[bookmark: _Toc473619146]Scattering Characterization System
Much of the novel design effort made in FZJ for the TOPAS project is incorporated into T-REX design in the secondary spectrometer: the detector vessel and its vacuum system, the load lock system and the mechanical integration of detectors are inspired or arise from the TOPAS design.

[bookmark: _Toc473619147]Detector Vessel
In order to minimize the background from unwanted scattering events, the path from the M chopper to detectors is kept in a common high vacuum, with a requirement of cryogenic vacuum, i.e. p < 10-6 mbar (Req. n 33). The vacuum system is described in section 3.10.4. The detector vessel shall be designed and manufactured to provide the requested mechanical stability to sustain the pressure gradient to atmospheric pressure, both in terms of deformation and stress. Its structure will be therefore made of steel with a thickness of 10 mm and the outer side of the walls will be reinforced with steel ribs. The chosen steel for construction shall also satisfy the magnetic requirements. Since the instrument scope conceives the potential use of magnetised SEE (< 10 T), the materials used in a distance within 1 m from the sample position will be non-magnetic. Aiming at potential use of more intense fields, the ESS-0038078 recommends increasing the distance to 2m.  
The Detector Vessel will have a radius of nearly 4 m and will be nearly 3 m high, so that the detector system can be handled and accommodated inside. It will enable the installation of detectors from -36° to +144° detection angle. On one side of the vessel a door will be realised, which can be removed at atmospheric pressure, to enable access to the components inside the vessel, including detectors and collimators. The vessel will include connection flanges to the vacuum system at various positions, which will be chosen mainly according to space and pumps-accessibility requirements. Dedicated flanges will be realized to feed through the cooling pipes for detector electronics, if needed, the gas supply, in case MG detectors are used, and the cabling to connect detectors to data acquisition racks. 
Moreover, the detector vessel will be designed to host the radial oscillating collimators and includes also the sample vessel, which enables the top-loading installation of any SEE from the ESS pool and the MAGIC PASTIS setup. 

[bookmark: _Toc473619148]Load Lock system
A special design effort is dedicated to minimizing background from unwanted scattering events, by eliminating unnecessary windows from the sample area to the neutron detectors. Several recently built spectrometers, addressed the challenging technical issue of doing this while maintaining fast experiment turn-around times and reliable detector operations. For T-REX we propose to use the load lock system as interface between the sample and detector vacuum volumes. A large, cylindrical, vertically translating chamber provides a means to isolate the two vacuum chambers in the up position. It enables for rapid changing of samples and sample environments without disturbing the much larger vacuum volume of the detector vessel. After venting the sample chamber, a small pump shall restore the vacuum below the 10-4 mbar range in nearly 15 minutes. At that time the chamber may be opened without disturbing the vacuum of the detector chamber and neutron measurements may resume. In the down position the chamber provides a window-free flight path from sample to detectors.

[bookmark: _Toc473619149]Neutron Detection System 
The decision on the detector technology to be used for T-REX is a key milestone [see Work Package Specification Document] towards the delivery of the project and is expected to happen by the end of 2017, without compromising the schedule. Independent from detector technology, detectors shall fulfill the requirements listed in System Requirements documents that trace up to the relevant HLSR. Here we remind them:

24. Efficiency: current state of the art is ≥ 70% at 1.8 Å; 74% on average between 1.6 Å to 5 Å 
25. Position resolution: 20mm perpendicular to incoming neutron direction; 20mm (thermal neutrons) / 10mm (cold neutrons) parallel to incoming neutrons
26. Time resolution ≤ 5 µs
27. Gamma-ray efficiency ≤ 10-6
28. Solid angle coverage: polar angular range: -25° to +15°; azimuthal angular range: -36° to +144° (180° total).
29. Minimum detection angle with respect to incident beam: 1°
30: Detector positioning: precision: ±1mm; accuracy: ±1mm
31: Detector background: <10-4 n/cm2/s
32: Secondary scattering: minimize scattering besides that in sample
33: Vacuum level: evacuated flight path from sample to detector
35: Count rate — local maximum: 104n/cm2/s (see also [7])

We notice that most of them are considered state-of-the-art and therefore achievable at existing facilities using PSD 3He, in particular regarding efficiency, time and position resolution and intrinsic background. It is also worth to stress that the efficiency requirement is actually not a requirement that is linked to a specific HLSR, but rather a wish based on state-of-the-art specifications. Since existing detectors may not meet detection rate requirement, careful consideration must be taken when comparing to requirements and specifications at existing instrumentation. Therefore, this should be taken as a guide line that does not translate directly into a design requirement. 
The detectors shall cover the polar angular range from -25° to +15° and the azimuthal angular range from -36° to +144°, with a minimum angle of 1°, so that the Q range accessible enables to measure the scattering pattern within several Brillouin Zones for crystals. Given the sample to detector distance of 3 m, the detection area specified in the full scope instrument is 21 m2, with a full height of 2.2 m. 
In order to achieve the expected scientific performance in terms of energy and Q resolution, the detectors shall provide 20 x 20 x 10 mm3 (W x H x L) position resolution and the time resolution shall not exceed 5 µs.

[bookmark: _Toc473619150]MG Detectors as baseline
As resulting from the Scope Setting Meeting, the baseline detector technology is the Multi-Grid. In order to instrument the full scope detection area with Multi-Grid detectors, 100 modules will be required, these can be grouped into 5 banks of 20 modules, with one bank at the negative scattering side and 4 banks on the positive one. The full height of 2.2 m can be covered using 96 grids in each Multi-Grid module, with no gaps in the vertical coverage (Req. 28). In the day-one configuration of the instrument, 40% of the full detector coverage is foreseen, i.e. 40 full-height modules at angles 1° to 73°. The remaining modules will be added at a later stage. The space and the infrastructure allowing this shall be foreseen in the initial scope. 
Since the detector is comprised of modules of grids and anode wires, both grids and wires are readout in coincidence, thus defining the position of interaction to a voxel in 3 dimensions, whose area in the current proposed design is 22 x 22 mm2 and can be reduced to 20 x 20 mm2 if needed. This corresponds to the position resolution and depth of 10 mm, i.e. the maximum neutron flight distance error is 5 mm (Req. 25). The readout will acquire data from each wire and grid channel independently, allowing a high rate acquisition. All events will be time-stamped with precision of at least 100ns, safely fulfilling the ToF requirements (Req. 26).
Twenty detection cells, each equipped with two 10B4C layers, will be used in the depth dimension. This will require a single-side coated layer front-most in the detector, and 20 double-side coated layers over the rest of the detector depth. The thickness of the 10B4C is chosen to maximize the detection efficiency for neutrons above the thermal energy. Optimization which maximizes efficiency for 1Å has been shown to produce a good compromise between raising the efficiency for energetic neutrons while maintaining good cold neutron efficiency. The double-layer arrangement, where 6 blades have a coating thickness of 1 µm, 10 of 1.25 µm and 4 of 2 µm, fulfills this optimization (Req. 24).
Gamma-ray sensitivity has been measured in gamma source tests and modeled using Monte Carlo methods, showing that sensitivity below 10-6 over the relevant range of gamma energies can be achieved. This has further been demonstrated in time-of-flight measurements, ensuring the gamma efficiency background is met (Req. 27).
The grids will be built using high purity aluminum, in order to minimize background rate. All other mechanical parts of the detector do not require pure aluminum and will not contribute to background. Recent measurements have shown a background rate (combining detector intrinsic background and ambient neutron background) of 3x10-5 counts/cm2/s, thus meeting the detector background requirement (Req. 31).
The transmitted beam in forward direction will be absorbed at the beam stop, which is placed between detector banks so that it will not be detected in the Multi-Grid. A proper design of the beam stop combined with detector positioning shall address the minimum angle requirement (Req. 29). 
There will be shielding between grid modules as well as immediately behind the last boron layer, in order to minimize detection of neutrons scattered in other parts of detector. A radial collimator around the sample environment will further help suppress neutrons not scattered from sample, but from other origin (Req. 32). Inner walls of the detector vessel will be lined with Cd sheets and Cd collimators between banks will further reduce cross talk effects due to scattering at various parts of detector.
Detectors shall reach 104 n/cm2/s local instantaneous count rate and the corresponding integrated count rate over the respective detection area, so that the rate generated by a 10% incoherent scattering is matched. For the geometry of the Multi-Grid detector, a local count rate of 104 n/cm2/s corresponds to at most 105 n/channel/s, for either grid or wire channels. This is made possible due to a low gas gain used and each grid and wire being instrumented with an individual ASIC readout channel (Req. 35). Front-end electronics will be mounted in direct proximity to the detector modules reducing pick-up noise. The output from these will be digital and will be transported on compact cables to the standard data acquisition system, preventing further noise contributions. Data will be collected in an event format, where for each neutron, the time and position of the detection is stored. From this information, final energy and momentum and absolute time of detection of each scattered neutron is reconstructed. Furthermore, the time stamp can be used to assign the sample state or the neutron polarization state to a detected neutron event, as this information is recorded in a synchronized way.

Vacuum interface for MG detectors
During normal operation, the detector vessel will be evacuated (Req. 33). The detector gas will be composed of only inert gases with no hydrogen content, Ar and CO2. The mixture will be flushed continuously at a rate of at most twice the detector volume per day. The gas pressure will be chosen to balance detector performance and the thickness of the detector window required. The detector and vacuum vessel pressure will be controlled, so that (a) a constant pressure in the detector is maintained and (b) pressure differential on the window never exceeds the specification.
A preliminary design of the vacuum interface for MG has been developed in FZJ. The design consists of an Al box that hosts inside 20 columns of MG stacks, made of 94 rows each. Inside the box each column is separated from the next ones by a 2 mm thick Al wall, that acts like a reinforcement rib for the outer walls. Therefore, a box is designed to cover the full height and an angular range of 36° and 5 boxes are needed to achieve full detector coverage. Each box can host inside also the front-end electronics of the MG, which will be connected with cables to the back-end electronics, through a flange. Every box will be connected to the gas supply system. Preliminary FEM calculations, shown in Figure 17, show that, to achieve the required mechanical stability, the box walls shall have the following dimensions: left and right sides 7mm, top and bottom 10 mm, back 5mm, front 2 mm.
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[bookmark: _Ref473623849]Figure 17. Results of preliminary FEM calculations show that the maximum deformation (top figure) is below 1.5 mm and the maximum stress (bottom figure) is below 75 N/mm2, when a gradient pressure of 500 mbar is applied between the inside volume of the box and outside.


[bookmark: _Toc473619151]3He Detectors as alternative
As resulting from the Scope Setting Meeting, the T-REX team will pursue evaluation of 3He detector as fallback option, in case MG is found to not meet design requirements. In case 3He detectors are used, ESS will work with the T-REX team to provide an alternative solution within the instrument budget, with the aim of minimizing impact on the scientific scope. The full scope layout includes 368 one-inch diameter, position-sensitive 3He detectors tubes with an active length of 2.2 m, mounted on frames organized in groups of 16 detectors for a total of 23 “16-Packs”. In day-1 configuration of the instrument, the aim is to achieve nearly 40% of the full detector coverage, with installation of 144 tubes in 9 packs at angles 1° to 70°. In light of the current available price information, the allocated budget will be sufficient to procure 6 bars 3He filling for day-1 coverage. The remaining packs will be added at a later stage, given that space and infrastructure allowing this shall be foreseen in the initial scope. Every 16-pack can be installed and/or removed independently, through a special crane on rails, fastened to the roof of the detector vessel. Pairs of 16-packs will be mounted on a frame, which will be mounted inside the vacuum chamber on a steel support system that isolate, both mechanically and electrically, the detectors from the vessel. The frames will be hermetically sealed, so that the active length of the tube will be exposed to the vacuum while the electronics will be within the air environment. The enclosure is kept under continuous flow of dry air, which prevents overheating of the electronics and arc discharging at high voltage connections The electronics will be designed to process signals for up to 16 detectors, including preamplifiers mounted as close as possible at the detector ends. Since preamplifiers will be mounted at both ends of the 3He detectors, a total of four preamplifiers are required for each 16-pack. Time stamping will be provided with the requested accuracy, either at absolute or run time to each neutron event. 
With tube diameter of one inch’s, sufficient position resolution is achieved in horizontal plane, whereas in vertical direction a resolution of 10 mm is achievable. The exact distance to every detector pixel is known and corrected for when the data is reduced in the software. T-REX detectors will have approximately 80,000 detector pixels.

[bookmark: _Ref473280254][bookmark: _Toc473619152]Vacuum system
The vacuum system, as shown in Figure 18 contains four roots pumps, three turbo pumps, a screw pump and a cryopump, and all connecting parts, including several valves and gauges, pipes and connection flanges. The high capacity roots pump and screw pump enable a fast pumping of the detector vessel below the mbar range. The cryopump and two large turbo pumps bring the volume to cryogenic vacuum conditions, with pre-vacuum sustained by small roots pumps. An individual pump station is used for the load lock, when the sample or the sample environment is changed. A small roots pump and a turbo pump remove the air down to a level of 10-4 mbar before opening again to the large volume.
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[bookmark: _Ref473550034]Figure 18. Scheme of the vacuum system of Detector Vessel.
When the load lock system keeps the sample chamber in the up position, the sample vessel volume is isolated and the sample area can be brought to atmospheric pressure for sample changes. During normal operations the big volume inside the detector vessel is kept at 10-6 mbar. The procedure to achieve it, is as follows: the screwpump and the rootspump in the roots pumping station are activated and bring the pressure to the mbar range, then the turbo pump is activated and the pumping station line is shut off closing the valve. Once the vacuum level is 10-3 mbar, the cryopump is started and brings the vacuum to 10-6 mbar.
A similar system has been developed for the TOPAS instrument, which has nearly the same volume and vacuum requirements. Figure 19 shows the pumping curve to bring the spectrometer vessel from ambient to cryogenic atmosphere.
[image: ]
[bookmark: _Ref473553858]Figure 19. Vacuum cycle of Detector Vessel using turbo and cryopumps in combination.

[bookmark: _Toc473619153]Radial Oscillating Collimation system. PBS 13.6.15.3.4
The radial oscillating collimation system is installed at the exit of the sample chamber and is constituted of an oscillating radial collimator (PBS 13.6.15.3.4.1), held inside an Al structural frame (PBS 13.6.15.3.4.2) and kept into continuous oscillation around the sample position by its motorisation system (PBS 13.6.15.3.4.3).
The collimator itself is made of radially laid Kapton foils, painted with either Gd2O3 or 10B, and separated by an angle of 1° from one another. Each blade is 20 cm long and 52 cm high, to comply with the maximum vertical scattering angle allowed by the detector. As the detector is vertically asymmetric, covering vertical angles from -25° to +15°, the collimator is accordingly shifted in the vertical direction with respect to the horizontal scattering plane (i.e. the vertical position of sample and beam). The whole collimator has inner and outer radii of 50 and 70 cm respectively, and horizontally covers the angular range from -35° to +155°. It continuously oscillates back and forth with an excursion of ±5° at a frequency of about 0.1 Hz (one complete oscillation in 10 seconds).

[bookmark: _Toc473619154]Utilities Distribution (13.6.15.8) and Support Infrastructure (13.6.15.9)
Standard power distribution cabinets will be installed at different positions in the buildings D03, E03, E01. From there the relative AC 230V 50 Hz and 400V 50 Hz distribution lines will be cabled to serve various components along the instrument, as represented in the P&ID. The power distribution panel will include power output for lighting at the experimental cave, control hutch and sample preparation lab.
Moreover, regular network connections will be provided by ESS on the pillars between E01 and E02. The EPICS network and a generic Ethernet network shall be distributed from these positions to the relevant instrument components, including the racks (see dedicated section). A closed circuit for chilled water will be available for thermal stabilization of components as well as for cooling electronics. A compressed air distribution line will be available in the experimental cave and sample preparation lab. Gas lines for Ar and N2 and 3He, as well as provisional lines for detectors Ar/CO2 gas blend will be installed in the experimental cave. The ESS will provide a general building ventilation system. Since experiments performed on T-REX may conceive the exposure of gases to the neutron beam, including i.e. gas cells, the exhaust line and relative HEPA filters shall be used, to allow ventilation through the main stack. A pipe line will be realized to connect to exhaust line connection point on the pillars between E01 and E02. 


[bookmark: _Toc473619155]Motion Control & Automation and Electronics (MCA)
The instrument will feature many movable parts along its entire length.  FZJ Work Unit has to deliver hardware and software sub-components for motion control and automation of all those moving components. The work will be done in close collaboration with ESS Motion Control & Automation Group (MCAG) in all phases from design to commissioning, to ensure that the systems are designed and engineered in a manner consistent with the ESS standards and guidelines. The communications between MCA team at FZJ and ESS MCAG are established on a regular basis to ensure integration of motion components into the ESS facility control system.
The components of MCA for T-REX are going to be designed, manufactured and pre-commissioned at FZJ. After completing necessary tests at FZJ, the components will be delivered to the ESS site so that one can proceed to site acceptance tests, assembly and Cold Commissioning. The team in FZJ Work Unit dealing with MCA consists of engineers and technicians from JCNS and ZEA-1 institutes. In the team a software engineer is responsible for implementing motion control into EPICS with close collaboration with DMSC of ESS.  
In preparation for Phase 2, the following aspects of MCA have been addressed, as required by MCAG guidelines (ESS-0049514).
The ‘Table of motion’ for the T-REX instrument, which is provided with this document, contains a description of the axes based on motion control and mechanical requirements along with their budget and a list of tasks, which identify the figures for labor of all MCA components. The instrument construction plan includes a schedule for MCA components, which follows from the list of tasks.
The heavy shutter, which is moved with pneumatic attenuators, has been included in the table as a separate axis. The environment conditions including vacuum, radiation, magnetic field and temperature have been identified. All axes are not synchronized with each other. The heavy shutter, however, is synchronized with PSS sensors. The beam shaping slit system includes four similar axes, denoted as axis numbers 4-7 in the ‘Table of motion’.
The design of the T-REX instrument solely relies on generic (off-the-shelf) MCA components. Such characteristic mitigates budget and schedule risks. However, the main technical risks related to MCA components, which are listed in the risk table in the ‘Work Package Specification’ document, are related to the work in harsh radiation environment. The technical risk can be mitigated by planning the use of radiation hard components, which may imply a cost exceeding the allocated budget, therefore imply a minor budget risk, which itself can be mitigated by the use of contingency. 

[bookmark: _Toc473619156]Control Racks (13.6.15.10)
According to ESS-0049514, control racks include the physical hardware required for the entire motion control integration work unit, and, their budget involves also all tasks associated with the design, procurement, installation and delivery of the hardware.
The equipment of the motion control racks includes all equipment housed within the rack and all internal cabling will be provided as part of this deliverable.
Control racks will have the standard size (ESS-0017175) 600x1000x2200 mm3. They will be installed as close as possible to the relative component, if this does not request a fast access. This results in the following envisaged distribution.

	Building D03
	Chopper Rack 1



MCA Rack 1



MCA Rack 2

MCA Rack 3

Vacuum Rack 1
	bandwidth chopper 1
bandwidth chopper 2
provision of T0 chopper 1

cold neutrons extraction system
light shutter
heavy shutter

guide field power supply

guide field power supply

Guide vacuum 
Bandwidth Chopper 1 vacuum
Bandwidth Chopper 2 vacuum
T0 chopper 1 vacuum
Heavy shutter vacuum


	Building E02
	Chopper Rack 2


MCA Rack 4

Vacuum Rack 2
	P chopper
Provision T0 chopper 2

Guide field power supply

Guide vacuum
P Chopper vacuum
T0 chopper vacuum


	Building E01
	Chopper Rack 3


MCA Rack 5







Vacuum Rack 3




PSS Rack



DAQ racks
	M chopper
FAN chopper

Polarizer/Guide exchanger
Load lock system
Sample positioning
Collimator of incident beam
Radial oscillating collimator
PASTIS power supply
Guide field power supply

Guide vacuum
M chopper vacuum
FAN chopper vacuum
Detector Vessel vacuum system

Fire Protection sensors
Radiation level sensors
Heavy shutter interface

Detectors






Preferentially the racks in building E01 should be installed in a row, to make the routine control operations easier. Racks in D03 should be installed in E02 to make access easier.

[bookmark: _Toc473619157]Instrument Control Software 
The instrument control software consists of all software components needed to control the instrument components, such for instance motor positions, choppers speeds and phases, detectors thresholds, vacuum system and parameters of various sample environment equipment, like temperature, magnetic/electric field, position and pressure. 
Every hardware component subject to remote control will be integrated into the Experimental Physics and Industrial Control System (EPICS), which is the core controls framework of ESS that will provide the control interface upwards to the Experiment Control System developed by the DMSC. 
The instrument control software serves the ESS and instrument staff for diagnostic and maintenance purposes and also serves the users for setting up experiments with assistance from the instrument team, through Command Line Interface (CLI) and Graphical User Interface (GUI).
The Integrated Control System Division (ICS) of ESS will engage instrument teams during their Phase 2 to develop the standard instrument control software framework across the ESS instruments suite. All hardware-related functionalities will be implemented in that modular framework, whereas science-oriented functionalities will be accessible via the GUI or through scripts in the CLI. 
The minimum requirements for those functionalities at T-REX shall include: setting incident wavelength bands for the cold and thermal beams through control of the bandwidth choppers, setting the resolution configuration through control of P and M choppers, setting beam size and divergence at the sample through control of beam slit and collimators, sample xyz positioning and sample rotation through control of the sample positioning system, acquisition time through control of detectors acquisition system and control of sample environment. Advanced features include defining strategies for data acquisitions at multiple incident energy (RRM) and in polarized mode. For experiments on single crystals these features shall be combined with acquisitions at variable sample orientations. Another critical functionality is visualization of raw data as a function of detector coordinates, which enables an easy test of the ongoing acquisition, especially when this information is complemented with intensity data from monitors and total detection rate at detectors. Additionally, all these features shall be implemented in a way to permit automatized experiment planning.
[bookmark: _Toc473619158]Data Processing and Data Analysis Software
Data processing includes aggregation, streaming & recording, reduction and visualization. All of these steps take place before data analysis and are rather independent of the instrument design, so they will follow a standard DMSC protocol. 
Automated data reduction and live data visualization are expected to be built on a Mantid framework. In Mantid, users will be able to visualize the n-dimensional detector data projected in flexible ways onto 2θ, Φ or ToF. The visualization is normally used to compare scattering signals from sample to calibration runs and to assess instrument background. Users will be able to manipulate data by means of basic functions, such as addition, subtraction, scaling, binning, cuts of iso-surfaces, extraction of 2D data, conversion in (ToF, Q) space and (energy, Q) space, with selectable binning.

[bookmark: _Toc473619159]Control Hutch and Sample Preparation Lab
The instrument control hutch will have enough area and air space to allow workers to perform their work without risk to their safety, health or well-being. Two groups of users will be able to work at the same time at two independent workstations. It will be equipped with a third workstation to remotely change and/or control the instrument configuration, including the remote control of SEE. It will be connected to power and data network, air conditioning and PSS system. 
The experimental cave of T-REX is close to the chemistry lab in building E04, which makes the use of the lab comfortable for users. The Sample Preparation Lab at the instrument is therefore a room featuring essential characteristics to prepare samples for the experiments and mount crystals or fasten sample holders to the sample stick. Therefore, the tooling necessary for these operations will be provided, including a dedicated workbench, equipped with necessary materials, solvents, standard cleaning materials. To dry samples and sample holders and/or remove dust pressurized air pistol will be installed. A high precision balance will be available to prepare especially liquid or powder samples in sample holders. Separate storage cabinets will be provided to store tooling, solvents, sample holders and samples. 
Both the Control Hutch and the Sample Preparation Lab will be well-lighted, according to safety and health regulations in work places, including for instance emergency lightning to indicate emergency routes and exits that request adequate intensity in case of lighting fails. Any other requirements imposed by European and/or Swedish regulations about safety and health in work places will be respected, for instance concerning: electrical installations, fire detection and fire-fighting, doors, windows, shelfs, lockers, presence of first-aid kits.
[bookmark: _Toc473619160]system P&ID and interfaces
The Process and Instrumentation Diagram (P&ID) captures the physical connections between the different subsystems of the instrument and between the instrument and the surrounding facility. The diagram includes electrical, signals, fluids and gas connections between the different components as well as their schematic representation in their position in the instrument.

[image: ]

[bookmark: _Toc473619161]preliminary safety analysis 
The main hazards present at the instrument are: ionizing radiation, liquid gases, oxygen deficiency fire and moving equipment. The shielding (see 3.7) protects personnel outside the instrument from radiation hazards during normal operations. 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 shall be accessible to ESS staff. This will be achieved safely with the beam cut off system (3.6), through operation of the heavy shutter at 24.5 m from the moderator, inside the bunker. It will block the neutron beam and therefore allow the personnel access to all downstream components, including the experimental cave. The heavy shutter will be connected to a Personnel Safety System (PSS) that interlocks the areas (such as the experimental cave) when the shutter is open. Additional radiation alarm will be installed inside the cave. It will be connected to PSS to prevent personnel entering the experimental cave if a radiation leak has been detected. 
A search procedure ensuring that no people are inside is required to close the interlock and open the shutter. All interlocked spaces shall have emergency stop buttons that close the appropriate shutters to prevent radiation exposure. All shutter systems will be designed to fail closed. 
The Gamma Shutter located immediately outside the target monolith will stop radiation emanating from the target, when the proton beam is not on target and allow maintenance work to be performed on downstream components. The light shutter system (3.1.1) is not a part of the T-REX work package, only the guide elements installed inside are part of it. 
Other safety systems which are not related to radiation hazard include: (i) fire detection and automatic fire extinguishing that will be installed inside the control hutch, sample preparation lab and experimental cave; (ii) oxygen deficiency sensors will be installed within the experimental cave. Additional sensors will be installed in vicinity of the sample position to monitor oxygen levels during liquid helium and nitrogen refills of SEE. In case when inert gases are used for the user experiment, portable sensors will be placed around the experimental setup. 
The warning signs indicating radiation, cryogenics and high magnetic fields hazards will be positioned around the instrument. 
The first-aid kit will be available in the instrument hutch. 
The administrative control will include training of all users and personnel working at the instrument. The training will include the walkthrough of the instrument, identification of all potential hazard situations and appropriate response. All training materials will be available on the instrument website. The hard copies of those documents will be available at the control hutch.
[bookmark: _Ref471979247][bookmark: _Toc473619162]expected scientific performance
Monte Carlo ray tracing simulations with Vitess have been performed for the ideal guide geometry of T-REX, described according to the geometrical parameters used in this document and are furtherly documented elsewhere [1]. The simulations prove that the neutron transport is extremely efficient and meets the requirements from the science case. In particular, the divergence profile at the sample position meets the requirements for Q resolution, which have been already discussed in the instrument proposal. 
Using ray tracing simulations, the anticipated choppers configurations have been tested and can satisfy the relevant requirements of bandwidth selection, energy resolution and RRM configurations. Two configurations are anticipated to be the most used or requested during normal users’ operations: the instrument configuration with the highest achievable energy resolution (HR) and the one with the highest flux (HF). The configurations have been tested with virtual experiments using as a sample an ideal isotropic scatterer, trying to mimic Vanadium calibration. The results of virtual experiments have been analyzed with respect to elastic energy resolution and flux at sample. These data can be measured at the instrument, as well, to test the instrument performance during early operations. The flux at the sample increases with the ESS power and at 2 MW reaches 2/5 of the numbers in T-REX proposal, making the instrument gain at least one order of magnitude, when comparing to existing instruments configured at similar resolution conditions. We confirm gain factors already shown with respect to other instruments. 
[image: ]
Figure 20 Results of Vitess simulations are analyzed in terms of flux at 2MW ESS source power and energy resolution for two anticipated chopper configurations termed HF (highest flux achievable) and HR (highest-best resolution achievable)

Anyhow we remind that the expected gain, when compared to the world class instruments, should be scaled down according to the smaller solid angle covered by T-REX, nearly 2 times less than the full scope. Once more we stress that with the design of T-REX we aim at performing INS differently and not simply faster because of the increased flux, by combining the use of polychromatic experiments with Polarization Analysis over a wide dynamic range. This characteristic is not available nowadays at any instrument and will make the instrument unique to the need of user community.



[bookmark: _Toc473619163]Definitions, acronyms and abbreviations
The list describes only the terms used across the entire document.

	Term
	Definition

	T-REX
PBS
NOSG
ICS
SAD
DMSC
MCAG
BTS
SES
SCS
GUI
CLI
EPICS
PSS
BWC
PC
MC
T0C
ToF
PA
AFP
LoS
SEE
MG
RRM
SFC
FZJ
JCNS
CNR
	Time-of-flight Reciprocal Space Explorer
Product Breakdown Structure
Neutron Optics and Shielding Group of ESS
Integrated Control System Division of ESS
Scientific Activities Division of ESS
Data Management and Software Centre of ESS
Motion Control and Automations Group of ESS
Beam Transport and Conditioning System 
Sample Exposure System
Scattering Characterization System 
Graphical user interface
Command line interface
Experimental Physics and Industrial Control System 
Personnel Safety System
Bandwidth Control Chopper
Pulse Shaping Chopper
Monochromating Chopper
T0 Chopper
Time-of-flight
Polarization Analysis
Adiabatic Fast Passage
Line-of-Sight
Sample Environment Equipment
Multi-Grid Detectors
Repetition Rate Multiplication
Spin Filter Cell
Forschungszentrum Jülich (Research Center of Jülich)
Jülich Centre for Neutron Science 
Consiglio Nazionale delle Ricerche (Italian National Research Council)
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