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Abstract. CENTAUR is a multifunctional general purpose small-angle and wide-angle neutron
scattering instrument with diffraction and spectroscopic capability in the future Second Target
Station at the Spallation Neutron Source of the Oak Ridge National Laboratory. To fill a gap in
neutron polarization capability, the instrument will be designed to provide polarization analysis.
Here we present the conceptual polarization setup at CENTAUR, as well as the Spin Echo
Modulated Small-Angle Neutron Scattering setup which will further expand the length scale
covered by the instrument.

1. Introduction

CENTAUR is a small-angle and wide-angle neutron scattering instrument with diffraction and
spectroscopic functions currently under design as one of the first eight selected instruments to be built
at the Second Target Station (STS) of the Spallation Neutron Source (SNS) at the Oak Ridge National
Laboratory (ORNL). As the only instrument capable of small-angle neutron scattering (SANS) among
the selected instruments, it was optimized to be a high-performance SANS instrument with wide Q
coverage up to diffraction region by leveraging the broad wavelength band and high brightness source
at STS.

In many science areas, including soft matter, polymer science, geology, biology, quantum
condensed matter, and other material sciences, there is a gap in performing in-situ and operando
experiments for kinetic and out-of-equilibrium studies of phenomena. With the consultation from a
broader user community, the instrument specifications and requirements are derived to fill this gap.
Briefly, CENTAUR will be a high-performance SANS instrument, reaching Qmi» as low as 0.001 A
Most notably, it can cover 0.001 to 20 A simultaneously to provide measurements from mesoscale to
atomic-scale. The time resolution for relatively strong scattering samples needs to be in the seconds
range for time-resolved studies over this wide length scale. Typical sample sizes are from 1 to 10 mm
in diameter. The high-flux beam will ensure less sample material is needed, e.g., biological samples, or
smaller samples that can speed up discovery of new materials.



As a general-purpose instrument, the sample environment at CENTAUR will be designed to
accommodate a wide user community with convenient access and expandability. With the increased
throughput, we envision equipment such as in-line flow cells similar to those at synchrotron SAXS
beamlines, robotic sample handlers, and multi-modal sample holders integrated with additional
complementary measurement tools will be designed. In addition, closed-cycle refrigerators, low-
temperature cryostats, and superconducting magnets that are typical for quantum condensed matter
research will be available and conveniently accessed.

In our survey with the user community, the lack of polarization capability at the current ORNL
SANS instrument suite is an outstanding capability gap [1]. Polarized neutrons with polarization
analysis can be used to separate nuclear and magnetic scattering. This technique is very sensitive to the
direction of magnetic moments because only the component of the magnetic moments perpendicular to
the scattering vector Q contributes to magnetic scattering. In polarized SANS, the structural scattering
(coherent nuclear scattering) does not flip the neutron polarization P while the magnetic scattering can
cause the neutron polarization to flip if the magnetic interaction vector M, is perpendicular to P.
Therefore, polarized SANS is a great tool to study magnetism and magnetic materials on nanoscopic
and mesoscopic scales, which include magnetic nanoparticles, magnetic oxides, non-collinear
structures, skyrmion-like systems, etc. In addition, for soft matter samples, incoherent scattering mainly
from hydrogen atoms may dominate the SANS signal at high Qs. It is possible to use polarized SANS
to separate the coherent nuclear scattering and the spin-incoherent scattering because for spin-incoherent
scattering 1/3 of the scattering is non-spin-flip and 2/3 spin-flip [2]-[6]. Then by applying polarization
analysis, the coherent scattering can be extracted from the total scattering signal. To fill this gap, we
will design CENTAUR to be capable of polarization analysis. We are also considering implementing an
additional advanced analysis mode called Spin Echo Modulated SANS (SEMSANS) to further extend
the length scale that CENTAUR can probe. In this paper, we present the concept for the polarization
setup.

2. Overall instrument design

CENTAUR will be a pin-hole collimated instrument with a variable neutron guide insertion system to
provide adjustable divergence and flux. The design closely follows the instrument concept that was
published recently [7]. Here we briefly go over its source characteristics and instrument components
(Figure 1) before discussing the polarization setup. The instrument will be located at beam port position
viewing a tube parahydrogen coupled moderator. It is noteworthy that the compact sources at STS
provide the highest peak brightness of any current or planned neutron sources that translate into excellent
flux at the sample position. These characteristics are favorable for experiments including those using
polarization. The source is 3 cm in diameter, which dictates the downstream neutron supermirror guide
size. As of the end of 2022, the optimum non-polarizing guide option to match the source is an octagon
shape with each side being 1.24 cm in size. Compared to traditional square guide of 3 cm by 3 cm, it
increases overall flux by about 15% and results in more uniform phase transport. All fixed neutron
guides will be straight from about 1m away from the moderator face to the variable guide system. A few
gaps will provide locations for bandwidth defining choppers 1 and 2 and a TO chopper, which suppress
fast neutrons and prompt gamma rays from the source. All choppers are inside the target bunker, which
is a heavily shielded structure which surrounds the target monolith. Figure 1 shows the design as of the
end of 2022, which has evolved from the earlier publication [7].

A variable optics system will start at about 14.36 m from the source, next to the bunker wall (not
shown in Figure 1). The system will include interchangeable components, such as neutron guides,
polarization V-cavity mirrors, open space, and source defining apertures (Figure 2). The system consists
of interconnected vacuum boxes based on the proven GP-SANS and Bio-SANS collimation box design
that was derived from the original NIST SANS design [8]. The generous space inside also provides
additional positions for different polarization supermirrors in the future upgrade for possibility to
optimize polarization for certain wavelength bands.
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Figure 1. Key instrument components of CENTAUR as of the end of 2022.
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Figure 2. A top view of the Variable Optics System. The dashed blue lines separate the system into 4
sections as detailed in the description.

The first section of the box will be about 1 m long with interchangeable optics between a V-cavity
polarizer and non-polarizing guide. After that are variable collimation sections with length of 3 m, 3 m,
and 1 m, supported on individual motorized stages for inserting into the neutron beam path as necessary.
Three sections of non-polarizing neutron guide with lengths of 3 m, 3 m and 1 m can be inserted into
the beam path to provide different collimation and source-to-sample distances of 10 m, 7 m, 4 m and 3
m (designated as Number of Guide (NG) =0, 1, 2, 3, respectively). This is the major mechanism to adjust
the flux and divergence on the sample. The source defining apertures, 30 mm in diameter, will be
mounted at the end of neutron guides in the vacuum boxes and can be inserted as needed. Additional
smaller apertures can be provided within reserved positions along the beam path.

After the polarizing supermirror, a magnetic guide field will be presented along the entire beam path
to the sample position. We will describe the setup in more details in the next section.

At the end of the variable system, outside the optics box is a translatable high-speed chopper,
tentatively a Fermi chopper, for the spectroscopic mode. An evacuated flight tube will extend the beam
to the nominal sample position at about 25.46 m from the source.

Larger sample environment devices can be accommodated by slightly offset from the nominal
sample position by a small distance upstream. The sample area will be an open walk-in space inside a
radiation-shielded cave. It will offer flexibility for smaller and larger sample environments, such as a
robotic sample changer, a cryo-magnet, and importantly, for polarization devices such as *He analyzers,
Wollaston prisms, etc. While the detector configuration at CENTAUR allows large, continuous solid
angle coverage from SANS to WANS (forward scattering detectors) and diffraction (backscattering
detectors), large sample environments and polarization device will shift the actual sample position
slightly depending on their size and cause shadows restricting some scattering geometries especially the
backscattering diffraction, only allowing for SANS/WANS experiments. The Q range for polarization
requested by the user community is limited to within 0.002 -0.4 A, which can readily be achieved with
the forward detectors at CENTAUR. For diffraction polarization analysis, another STS instrument
VERDI will provide full polarization analysis at larger scattering angles for diffraction for its own
scientific missions [9].
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For maximum compatibility between the instrument’s diffraction and SANS/WANS capabilities, a
typical flat SANS sample geometry is recommended. It was used as the primary test sample geometry
in the performance estimations. This geometry has influenced the location and geometry of the detectors,
especially the location of the backscattering diffraction detectors. However, other geometries can be
supported depending on the needs of a given experiment.

The configuration is one of the unique features at CENTAUR. In contrast to a typical SANS
instrument in which detectors are located inside a large vacuum detector vessel and move back and forth
to collect data at different Q ranges, CENTAUR will have 4 banks of detectors at fixed positions to
provide simultaneously small-, wide-angle and diffraction angle coverage. In the forward direction,
detectors at 10.00 m, 3.33 m, and 1.11 m will provide large solid angle coverage. The backscattering
detectors will be 1.25 m away from the nominal sample position upstream. The backscattering detectors
will be mounted in a movable rack and can be moved to enlarge the sample area, enabling potentially
more space for possible polarization setup around the sample position. The backscattering detector
geometry is considered instead of, e.g., 90 degree scattering angle detector, due to the compatibility with
the typical flat SANS sample geometry. The post-sample scattering path will be under vacuum, provided
by a large, segmented but interconnected, evacuated chamber for all forward detectors and an additional
chamber for the backscattering detectors. The detectors will be scintillator-Anger cameras with silicon
photomultiplier (SiPM) arrays. The physical pixel size of the SiPM will be 6 mm by 6 mm, and the
Anger readout method will augment the effective spatial resolution to at least 1 mm by 1 mm [10].
SiPM-based Anger cameras have been demonstrated to be insensitive to magnetic fields. However, with
the limited diameter of the polarization analyzer after sample, the higher angle banks will be shadowed
and not used in most polarization experiments.

3. Basic Polarization Setup

The polarization system at CENTAUR will provide the capability to separate incoherent and coherent
nuclear scattering, or magnetic scattering and nuclear scattering. Based on the science drivers, the
required Q range for polarization analysis is 0.002 A to 0.4 A under a magnetic field higher than 1 T.
With a typical wavelength bandwidth of 7.44 A from the 15 Hz source and the beam defining chopper
system, e.g., 2-9.44 A or even longer wavelength, the Q range from the forward detectors (mostly the
low-angle and mid-angle banks) can provide more than this Q coverage (Table 1).

The basic setup will consist of the following major components:

e A neutron V-cavity supermirror polarizer at the entry of the variable optics system box (Figure
2). It will generate a polarized neutron beam before the sample and can interchange with a
regular non-polarizing supermirror guide. The cross-section will be 3 by 3 cm. The m = 4
coating will ensure efficient reflection of neutron wavelengths longer than 2 A. With the length
of the supermirror ~1 m, the system provides up to 10 m source to sample collimation distance,
sufficient to reach Qmin as low as 0.001 A at the 10-m detector array, like the non-polarization
guide sections configuration. The interchangeable system will have high accuracy and
repeatability to ensure no realignment is needed during switching of in experiments.

e A magnetic guide field will start after the supermirror throughout the neutron path to maintain
neutron polarization. The field will be a minimum of 1.5x10* Tesla with stacks of permanent
magnets between steel plates. The neutron guides and other components along the path will be
nonmagnetic to prevent interference with the polarized neutron beam.

e Avadio frequency (RF) adiabatic fast passage spin flipper will be installed along the beam flight
tube ahead of the sample position (Figure 3(a)). It allows flipping the neutron beam polarization
relative to the applied magnetic field at the sample. It encloses the beam flight tube, which
allows 3cm x 3cm beam cross-section to go through. We require the flipping efficiency to the
opposite direction of the polarized neutron to be higher than 99% for neutron wavelength > 2 A
with the flipper on. Without the RF signal, the neutron will go through the flight tube without
changing its polarization direction.



e A 3He neutron spin analyzer selects the polarization direction of the neutron beam scattered by
the sample between the sample position and the detector vessel (Figure 3(a). The *He analyzer
can also serve as a high efficiency neutron spin flipper such that all four neutron cross sections
(++, +-, -+, --) can be measured.

Table 1. Scattering angle (20) and Q coverage limit with *He analyzer housed in a system
including the holding field and magnetic shielding with length of about 50 cm and 15 cm in diameter.
The sample position is assumed to be right in front of the *He analyzer system. Qi is 0.0016 A' at
9.44 A at NG=0 guide collimation

Maximum 20 Quax With 2 A neutron
(rad) (A"
3He analyzer 0.15 0.47
Low-angle detector bank (at 10 m) 0.063 0.178
Mid-angle detector bank (at 3.33 m) 0.19 0.597

As polarization analysis will be implemented at many of STS instruments [9], [11], [12], we
anticipate both ex situ and in-situ ®He analyzer systems will be developed and deployed across the
facility. An ex situ system can be used for routine short experiments at CENTAUR for its simplicity and
practicality [13]. Multiple *He cells with different diameters of up to 15 cm can be prepared outside the
instrument for the needed *He polarization and then be moved in before the experiment. Because of the
polarization decay, the *He cell may later be swapped to a fresh one as needed to ensure the anaylzer’s
performance. For example, with a 70% He polarization ratio, the *He cell can be optimized to provide
a good balance between the neutron transmission ratio and polarization within the wavelength band
(Figure 3(b)). They can be used effectively typically for tens of hours or even days. CENTAUR sample
area allows in-situ spin-exchange optical pumping system to be deployed for longer or more
sophisticated experiments. Regardless of which system, magnetic shielding will be used to prevent stray
field from degrading the decay time constant of *He polarization.

Last but not the least is an instrument data acquisition and integrated control software that can
flexibly and conveniently configure and perform experiments with different polarization options. As
demonstrated recently, careful considerations will be implemented to ensure the functionality and user
experiment [14].
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Figure 3. (a) The conceptual setup of the polarization system at the sample area, adapted from reference
[7]. (b) Estimated neutron transmission ratio and polarization ratio at different wavelengths for a 3He
cell with a thickness of 5 ¢cm and a pressure of 1 bar with a 70% *He polarization.

4. Spin Echo Modulated SANS Setup
With the polarized neutron capability at CENTAUR, SEMSANS can also be implemented, as shown in

Figure 4(a). While more details can be found in references [15]-[17], the fundamental principle of
SEMSANS is to use magnetic Wollaston prisms (MWPs) to modulate the neutron beam profile on the



detector [18]. With such intensity modulations, the conventional SANS signal can be encoded via
Fourier transform into a change in the amplitude of the modulations. Therefore, the very low Q signal
that is contained in the footprint of the direct beam can be used to extend the length scale measurable
significantly. To implement this and resolve the modulation, a position sensitive detector (PSD) with
high spatial resolution is required, which will be installed in the direct beam position where the beam
stop is located. Since the sample is located on the downstream side after the polarization analyzer,
SEMSANS can allow us to use the direct beam, which is usually dumped at the beam stop in a
conventional SANS instrument, to recover some of the signals that are beyond the length scale resolution
limit of conventional SANS. With the additional PSD at the beam stop position only, the Q range of the
conventional SANS will not be affected. Therefore, by combining SANS and SEMSANS, the length
scale probed can be greatly expanded to tens of microns.

In SEMSANS, scattering signal from the sample will be Fourier transformed from reciprocal space
(Q) to real space, the scale of which is termed spin echo length. £ = AL;/P, where A is the neutron
wavelength, L, is the distance from the sample to the detector and P is the period of the intensity
modulation on the PSD. With TOF, it would allow us to probe a wide-band length scale in one single
measurement, which is unique compared with a constant wavelength neutron source. Moreover, the
higher wavelength resolution of TOF source will greatly minimize the aberration in the intensity
modulation and therefore benefit the contrast of the modulations.
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Figure 4. (a) the proposed SEMSANS setup combined with a SANS detector and such setup has been
realized at the polarized SANS instrument of Larmor at ISIS [16]. The scattering of conventional SANS
has been omitted for clarity purposes. The backscattering detector bank of CENTAUR will be designed
to be movable to provide the necessary space In the sample area, P: polarizer; A: analyzer; s: sample.
(b) the intensity modulation on the PSD, simulated by McStas, at the beam stop position as a function
of wavelength at 10A of current applied inside the first MWP.

To access long length scales, it is critical to minimize the period of the intensity modulations. The
period of the intensity modulation is calculated and shown in Figure 5(a) for two different neutron
wavelengths, e.g., in CENTAUR’s typical 15 Hz wavelength band. Correspondingly, the accessible
length scale in real space is also calculated and plotted in Figure 5(b). With 10 A of current inside the
first MWP, the smallest period of the intensity modulation is for 9.44 A is ~1 mm.

The proposed detector used for this setup is an Anger camera with an increased spatial resolution.
In order to clearly resolve the modulations, a resolution of 0.2 mm or better is needed, or at least 5 data
points in each period. This can be achieved using an Anger camera with 3-mm SiPM pixels and a bright



scintillator. With the hardware currently available, this would result in a detector area of 53.2 mm x 53.2
mm with 266 logical pixels. Note that the high spatial resolution is only required along the vertical
dimension. A scintillator detector based on a similar principle operates at LARMOR [19], successfully
reaching the 0.2 mm resolution in 1 dimension. The proposed Anger camera will also be able to improve
on the count rate capability, increasing the throughput of the detector and the ability to measure at the
direct beam. The high-resolution Anger camera can be integrated within the central part of regular Anger
camera for SEMSANS or as a separated retractable module which translates into the location of the
beam stop in front of the 10 m low-angle detector bank. The R&D needed to increase the Anger camera

resolution as above is underway. An imaging detector may also be considered to further enhance the
rate and spatial resolution performance.
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Figure 5. (a) the calculated period of the intensity as a function of the current inside the first MWP two
different neutron wavelength, (b) the calculated accessible length scale (spin echo length) for various
current setting in the first MWP for two different neutron wavelengths.

With the combination of SANS with SEMSANS, the dynamic range of the CENTAUR instrument
can be greatly expanded and therefore, it would allow the study of high throughput kinetic processes of
the formation of large structures on the nano- and micron scale in a single instrument and the same
sample environment setup [16].

Acknowledgments

This research used resources of the Spallation Neutron Source Second Target Station Project at ORNL.
A portion of this research used resources at the Spallation Neutron Source, a DOE Office of Science
User Facility operated by ORNL. ORNL is managed by UT-Battelle LLC for DOE’s Office of Science.

References

[1] W.T. Heller ef al., “The suite of small-angle neutron scattering instruments at Oak Ridge
National Laboratory,” J Appl Cryst, J Appl Crystallogr, vol. 51, no. 2, pp. 242-248, Apr. 2018,
doi: 10.1107/S1600576718001231.

[2] R. M. Moon, T. Riste, and W. C. Koehler, “POLARIZATION ANALYSIS OF THERMAL-
NEUTRON SCATTERING.,” Phys. Rev., 181: 920-31 (May 10, 1969)., Jan. 1969, doi:
10.1103/PhysRev.181.920.



[3] E. Babcock et al., “Polarization Analysis with 3He Spin Filters for Separating Coherent from
Incoherent Scattering in Soft Matter Studies,” Physics Procedia, vol. 42, pp. 154-162, Jan. 2013,
doi: 10.1016/j.phpro.2013.03.190.

[4] W.C. Chen et al., “Spin-analyzed SANS for soft matter applications,” J. Phys.: Conf. Ser., vol.
862, no. 1, p. 012004, Jun. 2017, doi: 10.1088/1742-6596/862/1/012004.

[5] A. M. Gaspar et al., “Using polarization analysis to separate the coherent and incoherent
scattering from protein samples,” Biochim Biophys Acta, vol. 1804, no. 1, pp. 76-82, Jan. 2010,
doi: 10.1016/j.bbapap.2009.06.024.

[6] Y. Noda ef al., “Polarization Analysis Equipment in SANS-J-II: Study of Polymer Electrolyte
Membrane for Fuel Cell,” Physics Procedia, vol. 42, pp. 4651, Jan. 2013, doi:
10.1016/j.phpro.2013.03.174.

[7] S. Qian et al., “CENTAUR—The small- and wide-angle neutron scattering
diffractometer/spectrometer for the Second Target Station of the Spallation Neutron Source,”
Review of Scientific Instruments, vol. 93, no. 7, p. 075104, Jul. 2022, doi: 10.1063/5.0090527.

[8] J. Barker et al., “The very small angle neutron scattering instrument at the National Institute of
Standards and Technology,” J App! Cryst, vol. 55, no. 2, pp. 271-283, Apr. 2022, doi:
10.1107/S1600576722000826.

[9] V.O. Garlea et al., “VERDI: VERsatile DIffractometer with wide-angle polarization analysis for
magnetic structure studies in powders and single crystals,” Review of Scientific Instruments, vol.
93, no. 6, p. 065103, Jun. 2022, doi: 10.1063/5.0090919.

[10]R. A. Riedel, C. Donahue, T. Visscher, and C. Montcalm, “Design and performance of a large
area neutron sensitive anger camera,” Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 794, pp. 224—
233, Sep. 2015, doi: 10.1016/j.nima.2015.05.026.

[11]G. Sala et al., “CHESS: The future direct geometry spectrometer at the second target station,”
Review of Scientific Instruments, vol. 93, no. 6, p. 065109, Jun. 2022, doi: 10.1063/5.0089740.

[12]Y. Liu et al., “PIONEER, a high-resolution single-crystal polarized neutron diffractometer,”
Review of Scientific Instruments, vol. 93, no. 7, p. 073901, Jul. 2022, doi: 10.1063/5.0089524.

[13]T. Wang et al., “New Polarized Small Angle Neutron Scattering capability at the High Flux
Isotope Reactor,” Physica B: Condensed Matter, vol. 551, pp. 492—-495, Dec. 2018, doi:
10.1016/j.physb.2017.12.041.

[14]1X. Yao et al., “A Unified User-Friendly Instrument Control and Data Acquisition System for the
ORNL SANS Instrument Suite,” Applied Sciences, vol. 11, no. 3, p. 1216, Jan. 2021, doi:
10.3390/app11031216.

[15]F. Li, S. R. Parnell, R. Dalgliesh, A. Washington, J. Plomp, and R. Pynn, “Data Correction of
Intensity Modulated Small Angle Scattering,” Sci Rep, vol. 9, no. 1, p. 8563, Jun. 2019, doi:
10.1038/s41598-019-44493-9.

[16]J. Schmitt et al., “Mesoporous Silica Formation Mechanisms Probed Using Combined Spin—Echo
Modulated Small-Angle Neutron Scattering (SEMSANS) and Small-Angle Neutron Scattering
(SANS),” ACS Appl. Mater. Interfaces, vol. 12, no. 25, pp. 28461-28473, Jun. 2020, doi:
10.1021/acsami.0c03287.

[17]F. Li et al., “Spin echo modulated small-angle neutron scattering using superconducting magnetic
Wollaston prisms,” J App! Cryst, vol. 49, no. 1, pp. 55-63, Feb. 2016, doi:
10.1107/S1600576715021573.

[18]F. Li et al., “Superconducting magnetic Wollaston prism for neutron spin encoding,” Review of
Scientific Instruments, vol. 85, no. 5, p. 053303, May 2014, doi: 10.1063/1.4875984.

[19]F. Li ef al., “Probing magnetic correlations with spin-echo modulated small angle neutron
scattering (SEMSANS),” Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 1014, p. 165705, Oct.
2021, doi: 10.1016/j.nima.2021.165705.



