The case for a wide angle, wide bore horizontal magnet at the ESS
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High field vertical magnets, with a maximum field of 15 Tesla, has been standard at neutron facilities since the end of the 1990’s, mainly used for wide-angle spectroscopy and wide-angle diffraction. This is largely due to the convenience of being restricted to the horizontal plane, and due to small-separation split coil magnets giving the largest maximum applied field.  
The standard vertical field magnets are extremely convenient. The dead angle in the horizontal plane is very small, and therefore does not restrict the in-plane performance of the instrument, other than reducing the signal/noise. They can be stationary on the sample position, while sample rotation is done via the stick. In the vertical plane, the 15 Tesla magnet is restricted to +/- 2 degrees in the vertical, but vertical field magnets with larger openings are available, albeit with a slightly smaller field of 8-11 Tesla. 
A lot of effort is dedicated to increasing the maximum vertical magnetic field, which is reaching a technological maximum for low-Tc superconductor magnets. Therefore, magnets based on high-Tc technology are considered. These are a factor of 5-10 more expensive than conventional magnets, but offer a maximum field of 20-25 T, a considerable gain. 
Much less attention is given to the other limitation of the standard vertical field magnet, the limited range for investigating Q-components along the applied magnetic field. Not being able to have the field in the horizontal plane is in many cases just as limiting as a low maximum field, ruling out just as many experiments. With vertical magnets, on instruments with only horizontal plane coverage, a Q-component along the field is impossible, on ToF-spectrometers, this Q-component remains limited, and Q || H is unobtainable in all cases where the magnet cannot tilt, which is almost never allowed. 
The large field horizontal magnets used for flux-line lattices on SANS are almost useless on wide-angle spectrometers and diffractometers, as the scattering angle range is extremely limited. Therefore, only a few facilities have dedicated wide-angle horizontal (WAHM) magnets with a reasonable maximum field, since they are only useful when Q || H setups are crucial on wide-angle instruments. In addition, they are not user friendly, as one is limited in both sample rotation and scattering angle, where the latter even depends on the former, see Figure 1.  They pose demands on the instrument team, informing and instructing the users on the feasibility before applying for beamtime. 
In spite of these complications, due to the rarity of useful WAHMs, they attract expert users from all over the world, and excellent science. 
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[bookmark: _Ref155896483]Figure 1:Horizontal opening angles of the VM-1 magnet at the HZB.
One example of science being done with a horizontal field, is the topolocial skyrmion dynamics investigated by Weber, et al in 2022. The team investigated the extremely complex dynamics of skyrmion lattices, too complex to resolve using todays state-of-the-art neutron spectroscopy. However, the predicted dynamics is non-reciprocal in certain ways, which can be investigated with polarized spectroscopy in applied fields. In order to understand the dynamics with Q along the skyrmion tube, the field and Q has to be parallel. This is only achievable with a WAHM. 

[image: ][image: A diagram of a graph

Description automatically generated]
Figure 2: Energy scan of skyrmion lattice excitations with momentum transfer parallel to the skyrmion tube. T. Weber, et al, Science, 375, 6584, (2022) 
Another example is investigated exotic modes in quantum magnets. The Higgs boson is a well known particle recently discovered in particle accelerators. In superconductors, there is an analogue of this particle, existing as a quasiparticle excitation in the superconducting condensate. More broadly, a Higgs-like mode can exist in materials in general, in the form of an amplitude fluctuation of the order parameter. In quantum magnets, these can be found near the quantum critical point, at very low temperatures. T. Hong, et al, found such a mode in a two-leg spin ladder, near the quantum critical point. Crucial here was to separate this longitudinal fluctuation of the ordered moment from the conventional modes, which zeeman split in field. For that a WAHM was crucial, simply due to the particularities of the system investigated, the field had to be along Q, see Figure 3.
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[bookmark: _Ref155940121]Figure 3: Longitudinal HIggs mode, coexisting with conventional modes which Zeeman split in applied horizontal fields. T. Hong et al, Nature Physics, 13, 638 (2017)
Traditionally, the WAHMs were a hallmark of the medium-flux sources, who traditionally used excellent sample environment capabilities to create an edge and maintain their attractiveness – with large success at facilities such as HZB and PSI. HZB is now gone, with their unique magnet HM-1 transferred to the ILL.
ILL has just applied for a 20 T high field project, with collaboration from PSI and ESS, among others. This makes a lot of sense, since they have the knowhow to participate in the detailed design of the coils and the cryogenics, that is not yet fully built up at the ESS for obvious reasons. ESS cannot currently drive developments with efforts focused on facility construction and without having neutrons to test equipment. 
However, a new and useful WAHM would be an easy way to achieve a sample environment edge on Day 1. It would be a magnet that could be designed in collaboration with Oxford or Cryogenic, where the requirements are adapted to what is currently achievable. Such as standard technology magnet would not require expertise from ESS that we do not already have, and would be an above-and-beyond feature that would improve output especially in the early days. 
A new ESS WAHM would ideally have the following characteristic. 
· A maximum field larger than 6 T
· 4 opening wedges, asymmetric to allow for flexibility in scattering angle 
· Wide vertical opening to improve performance on ToF spectrometers
· A large bore to allow for dilution (crucial) and large pressure cells (important but not need to have, but uniaxial pressure and field direction are not always independent) 
Such a magnet would be what we are missing currently, as ESS currently has
· Two 15 T vertical magnets
· One 6.5T asymmetric magnet
· One 2.1 T asymmetric warm bore magnet
· Access to Birmingham 17 T solenoid magnet for use with SKADI
· One large opening high field magnet for MAGIC
· A design study is ongoing for a high field (>12T) vertical symmetric magnet dedicated to spectroscopy
Currently, SANS-bases and vertical field bases are covered. But a WAHM could expand the capabilities of BIFROST, CSPEC, TREX and MAGIC, for a relatively modest investment. 
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Figure 2: The Zeeman effect.
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