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KOMPASS is a polarized triple-axis cold neutron spectrometer recently installed at the neutron source FRM
II (Garching, Germany). The instrument is designed to operate exclusively with polarized neutrons and
is specialized in longitudinal polarization analysis using Helmholtz coils and spherical zero-field neutron
polarimetry using a Cryopad device. The advanced guide system polarizes and focuses flexibly in the scattering
plane. A first, fixed parabolic focusing part contains a series of three polarizing supermirror V-cavities that
produce a highly polarized beam. By exchanging straight and parabolic front-end guide sections, the resolution
of the instrument can be optimized to meet experimental requirements. Large, double-focusing monochromator
and analyzer units with pyrolytic graphite crystals enable efficient and adaptive energy selection, and a
compact supermirror cavity analyzes the final neutron polarization. Alternatively, or in combination with this
cavity, a Heusler polarization analyzer can be used. KOMPASS offers full- and half-polarized configurations
with or without secondary energy analysis and provides a wide range of polarization options. Therefore,
KOMPASS is well suited for various studies of static and dynamic magnetic correlations with energy transfers
on the neutron energy loss side up to ~12meV.

1. Introduction

Inelastic neutron scattering has proven to be a unique technique
to explore excitations in condensed matter systems. Moreover, using
either triple-axis- (TAS) or time-of-flight (TOF) spectrometers, very
high energy resolution can be achieved. In view of the enormous
coverage offered by recent TOF instruments one may wonder about
the perspectives of the TAS technique to study a single point of the
scattering function in the space of scattering vector, Q, and energy,
E, [1]. However, thanks to the continuous development of focusing
techniques a TAS yields a more intense signal and a much higher signal-
to-noise ratio at the single (Q, E) point under study. Therefore, the
TAS and TOF techniques are complementary with individual strengths
depending on the goal of an experiment aiming either at a small region
in (Q, E) space and/or a varying external parameter or at a global
understanding of the total scattering function.

Exploiting the neutron polarization possesses enormous potential for
the investigation of magnetic properties and the distinction between

coherent and incoherent scattering. Therefore, first implementations
of polarization analysis in neutron scattering were already realized in
the 1950ies [2]. Neutron polarization analysis can not only distinguish
between nuclear and magnetic correlations, it can also determine the
anisotropy of magnetic correlations in spin space and it can directly
prove a spiral character of the latter rendering it a most valuable
tool for crystallographic (elastic) as well as for inelastic studies [2].
With the application of neutron polarization analysis, the superposition
of nuclear and magnetic Bragg contributions can change from an
incoherent to a coherent one thus boosting the observation of small
magnetic signals superposing nuclear ones. Instead of a single value of
the scattering function at (Q, E), full 3D polarization analysis yields 36
intensity values, because the scattering function can be described by a
3 x 3 matrix with respect to the initial and final neutron polarization
axis, and because each component can be measured with polariza-
tion values up-up, up-down, down-up and down-down [2].! However,
the existing instrumentation for neutron polarization analysis usually
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causes a tremendous loss of signal strength in particular for inelastic
studies, which represents a true bottle neck for today’s magnetism
research.

Focusing concepts were developed to enhance the TAS signal in
particular for measurements with small sample volumes. In particular,
the utilization of a large double-focusing monochromator [3] in com-
bination with a horizontally focusing analyzer initially proposed by [4]
turned out to be most efficient to enhance the counting rates while even
improving the energy resolution. It was also realized that horizontal
focusing at the monochromator should be combined with a diaphragm
before the monochromator acting as a virtual source, which is, how-
ever, difficult to realize for an existing instrument [5-7]. Nowadays,
the virtual-source geometry has been implemented in various cold TASs
(e.g. PANDA [8], ThALES [9], IN12 [10] and FLEXX [11]) and thermal
TASs (e.g. PUMA [12], IN20 [13] and EIGER [14]).

Elliptically or parabolically shaped focusing guide sections in the
primary spectrometer of a TAS can yield further intensity gain in partic-
ular when combined with the virtual-source focusing-monochromator
concept. According to Liouville’s theorem, the product B = A -y
with A designating the beam area and y the solid angle, is con-
served [15], therefore these focusing concepts increase the neutron flux
at the expense of an enhanced divergence. Transmitting the required
higher divergence by the supermirror (SM) coated guides requires
high-performance coatings. Thanks to substantial progress in thin-
film technologies, one can now produce non-magnetic SM coatings
with m-values up to m = 8 times the critical angle of nickel [16]. In
some recently designed cold TAS instruments, elliptically tapered guide
sections were incorporated in the primary spectrometer [10,11,17],
whereas parabolic horizontal focusing was found to be the optimal
solution at the KOMPASS instrument [18].

SM technology can also be applied to study small crystals with
dimensions well below the size of the individual crystals comprising the
highly oriented pyrolytic graphite (HOPG) monochromator. A compact
parabolically or elliptically tapered focusing guide with a length of the
order of 500 mm can be installed after the monochromator in front of a
small sample. Several built setups [19-25] demonstrated the efficiency
of the proposed idea in particular for high-pressure experiments on
samples of only a few mm? volume. Moreover, the focusing guide also
acts as diaphragms along the flight path thus reducing the background.
As a result, the signal-to-noise ratio can be enhanced by more than
an order of magnitude. However, this approach leads to an inhomo-
geneous divergence distribution at the sample position that can lead
to a splitting of Bragg peaks [21,24,25]. In addition, as emphasized
in [24], the installation of the focusing guide requires a very careful,
reliable and time-consuming alignment. More efficient approaches for
beam focusing and phase space selection can be realized using nested
mirror optics [26,27].

In addition to the enormous progress made in focusing optics, a new
polarized TAS can profit from improved neutron polarizing devices.
For instrumentation with cold neutrons, polarizing SM-based optics
adapted for large divergences and beam cross-sections, such as S-
benders [11] or multichannel V-cavities [10] seem to be good solutions
when combined with large doubly focusing monochromators.

Implementing polarization analysis on a TAS instrument follows the
spirit of the TAS technique focusing on a single (Q, E) point and can be
realized with high polarization. Although there are numerous magnetic
problems for cold- and thermal-neutron instruments, the ongoing in-
terest in quantum materials may enhance the demand for experiments
with low energy transfers further, which cannot be performed with
today’s resonant inelastic X-ray scattering (RIXS) instrumentation [28].
Therefore, a dedicated polarized cold-neutron TAS with the name
“KOMPASS” was constructed at the FRM II. It already delivered first
results before the reactor operation was interrupted [29-32]. A number
of cold-neutron TASs offering optional polarization analysis already op-
erate at the FRM II, ILL, PSI, NIST, ORNL, and ANSTO neutron sources.
The acronym “KOMPASS” results from the German expression “KOln -
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Miinchen fiir Polarisation Analyse Spezialisiertes Spektrometer”. It was
realized by two groups located at Cologne and Munich with continuous
support by the Bundesministerium fiir Bildung und Forschung.

After defining the general layout of the instrument [18], the com-
ponents of KOMPASS were designed and built implementing novel
focusing and polarization techniques. Here, we present the main char-
acteristics and performances rendering KOMPASS suitable for various
experiments on magnetic materials.

2. Scientific case

The potential of neutron polarization analysis stems from its inher-
ent ability to distinguish between magnetic and nuclear scattering free
of background. Therefore, the primary scientific case for KOMPASS
lies in the field of complex magnetic materials. In the following we
provide a non-exhaustive list of scientific problems to be studied with
KOMPASS:

- Complex magnetic order is at the core of many problems of topical
interest: e.g. multiferroics and magneto-electric materials, magnetic
metals, superconductors and frustrated materials [33-37]. A complex
magnetic structure such as a multicomponent helix cannot be solved
without polarization analysis [2] and in many cases only spherical
polarimetry can distinguish between models.

- Small magnetic moments are difficult to study, because intensities
scale with the square of the moments. Polarization analysis with en-
ergy selection enables observation of weak magnetic Bragg reflections
or diffuse scattering [36-40]. For example, small orbital moments
were initially reported in high-Tc-cuprates and more recently in an
iridate [41]. However, these findings remain controversial [42]. Also,
high-pressure experiments with small sample volumes will profit from
the high signal-to-noise ratio that is provided by a cold polarized TAS.

- Magnetic frustration can lead to new states of matter such as the
long-searched quantum spin liquids. They exhibit new types of excita-
tions [33,43-45]. Besides the possibility to study fundamental problems
such as fractionalization, the peculiar character of the excitations may
contribute to developments in quantum computing [44].

- Topological concepts change our general approach to condensed
matter phenomena, but only recently it was discovered that there is
a direct impact on the spin dynamics [46,47]. Weyl points can renor-
malize a ferromagnetic magnon dispersion and eventually even invert
the magnon handedness [48]. The concept of topological magnons was
confirmed very recently [46,49-51].

- Magnetoelectrics and multiferroics attract interest due to their
potential in information storage and processing [29,52-54]. Dynamic
magnetoelectric coupling results in non-reciprocal properties [55] and
in hybrid magnon-phonon modes, labeled electromagnons (see e.g. [56,
571). However, a general understanding is missing.

- The observation of skyrmions and skyrmion lattices had a tremen-
dous impact after their discovery in MnSi [58] opening a possible
path for future technologies. Besides the static arrangement studied by
neutron diffraction, examining the dynamics of skyrmions is a key for
future applications.

- Quantum phase transitions and quantum criticality [59] describe
an intriguing quantum-mechanical problem, where energy and temper-
ature merge to a single scale that is possibly related to unconventional
superconductivity [60].

- Strong spin—orbit coupling: For 4d and 5d materials spin—orbit
coupling can be sufficiently strong to determine the magnetic state [61—
63]. Even for an intermediate strength the magnetic interaction will
become anisotropic requiring studies with polarized neutrons [64-
66]. The results may be interpreted in terms of the Kitaev model or
Majorana fermions [45,67].

- Unconventional and topological superconductivity form a fasci-
nating field tightly connected to magnetism. Magnetic excitations only
occurring in the superconducting state, so-called spin-resonance modes,
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are interpreted as fingerprint of a magnetic pairing mechanism [60,64,
68,69].

- Time resolved neutron studies can be performed with stroboscopic
techniques yielding a time resolution of ~50 micro seconds [37,54].
So far, electric fields were used to control the magnetic domains
most efficiently in a multiferroic. Further efforts are needed to rapidly
manipulate the samples by magnetic fields or currents.

- Itinerant magnetism typically results in small ordered moments
and correspondingly small cross sections for the excitations, which
furthermore can be anisotropic, as in BaFe,As, and Sr,Ru0, [65,66].
The presence of longitudinal modes are little explored so far [70-72].

- Nematic and cholesteric phases: In FeAs based superconductors
and in some ruthenates the role of nematic phases is well estab-
lished [73] while their relevance remains unclear in many other sys-
tems. Polarized INS experiments under uniaxial pressure are most
promising to resolve these issues. However, they are technically chal-
lenging.

- Excitations in thin films and multilayers are difficult to observe due
to the small sample volume [74,75]. However, combining polarization
analysis and background reduction with the analyzer as well as focusing
techniques will facilitate inelastic experiments.

- Altermagnetism was only recently realized as a class of magnetic
materials, which combine aspects of ferromagnetic and antiferromag-
netic order opening the path to spintronics applications [76,77]. Polar-
ized neutron experiments can clarify the magnetic structure and most
importantly may confirm the predicted splitting of chiral magnons [78].

3. General layout of KOMPASS

The instrument KOMPASS (Fig. 1) is located at the FRM II in the
neutron guide hall West at a distance of 45m away from the cold
source. The instrument occupies the end position of the curved neutron
guide NL1 which has dimensions of 60 x 120 mm (w X h). For an
improved transport of thermal neutrons, the curved section of the
NL1 is subdivided into two channels of equal width, resulting in a
critical wavelength A, = 1.8 A (corresponding to an energy of E = 25
meV) [79] in front of the KOMPASS polarizer.

Special emphasis during the design of KOMPASS was put on a
compact layout involving short distances between the monochromator—
sample and sample—analyzer of about 1.2m only and on the implemen-
tation of advanced focusing techniques throughout the instrument. The
distance between the analyzer and the detector can be varied between
1m and 1.3m depending on the selected detector unit as discussed in
Section 3.7.

For experiments requiring high Q resolution, the monochromator—
sample and sample—analyzer distances can be enlarged up to 1.67 and
1.3 m, respectively, and optional collimators can be inserted at three
positions along the neutron path. Furthermore, narrow diaphragms can
be placed in front of the detector.

Figs. 2(a) and 2(b) show details of the polarizing triple-cavity (top)
and a layout of the complete KOMPASS spectrometer (bottom). The
numbers in brackets provide links to the sections where the designated
components are described in detail.

3.1. Adaptable polarizing neutron guide system

Monte-Carlo simulations using the neutron ray-trace simulation
package McStas [80,81] were used to define and optimize the beamline
including the given guide system up-stream of the triple cavity. In
particular, the polarizing guide system and the exchangeable front ends
were optimized based on the simulations with McStas [18].

The KOMPASS guide system is divided into three sections compris-
ing a total length of 6.7m. The first, permanently installed section
of 5.27m length is parabolically focusing in the horizontal dimension
containing polarizing V-cavities delivering a polarized beam. Down-
stream it is followed by a long (L, = 1.28 m) and a short (L, = 0.15
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m) section, In these sections either parabolically focusing elements or
straight guides can be remotely translated into the beam. This way
four different combinations for focusing can be realized. However, only
three of them provide a reasonable beam definition, as the combination
of the long-straight with the short-parabolically focusing section is of
no use.

The variable optical configurations allow selecting an optimum
illumination of the sample as required by the experiment. A TAS
spectrometer positioned at the end position of a parabolically focusing
neutron guide in combination with a doubly-focusing monochroma-
tor promises a high intensity and a superior energy resolution when
compared with a straight or elliptic neutron guide [18]. The price
for this is, of course, a reduced transverse Q resolution. Furthermore,
the inhomogeneous divergence ot the neutron beam at the sample is
reduced when compared with elliptic focusing [18].

In the following subsections, a detailed description of the compo-
nents comprising the guide system of KOMPASS is given (see Figs. 2(a)
and 2(b)). It starts with the primary neutron-beam shutter and ends
with a description of the magnetic guide fields.

3.1.1. Main beam shutter

The neutron guide NL1 ends with a short gap of 400 mm that is re-
quired for the monochromator of the up-stream instrument NREX [82].
At the end of the gap, the main neutron beam shutter of KOMPASS is
installed. It is made from a 8 mm thick B,C plate enriched with 1°B up
to at least 95% and a 10 mm thick lead plate behind suppressing the
neutron-capture gamma radiation. Immediately after the shutter, the
permanently installed polarizing guide begins.

3.1.2. Static part of the polarizing guide system

The permanently installed static part of the guide system hosts a
series of three polarizing multichannel transmission V-cavities, each
being 1.75m long. The sides of the cavities are made from borofloat
glass, except those of the first V-cavity, which are exposed to the
highest neutron flux. Therefore, more radiation-resistant borkron glass
N-BK7 was used instead. Each of the three supermirror V-cavity systems
consists of a vertical stack of four 30 mm high V-elements as shown in
the side-view of the polarizing guide system (Fig. 2(a)).

Each of the V-elements hosts a pair of horizontally inclined SMs
separated by horizontally installed thin blades. The SMs consist of
silicon wafers that are coated on both sides with a Fe/Si SM with
m = 4.2. The separating blades of the first cavity are made from silicon
wafers that are coated on both sides with a thin absorbing TiB,/Ti
multilayer (in total corresponding to 0.5 um TiB,) subsequently coated
with non-magnetic Ni/Ti SM (m = 1.6). The separating blades of the
second and third cavity consist of Desag 263 T borosilicate glass that is
coated on both sides with non-magnetic SM (m = 1.6).

The polarizing effect of a V-cavity is based on the spin-dependent
reflection of an unpolarized neutron beam from the polarizing SM that
is placed under a shallow angle 6, ~ 0.5° with respect to the incident
beam (Fig. 3(a), black solid line).

Within a range of angles of incidence that is determined by the m
value of the polarizing SM coating, the spin-up component of the beam
is reflected from the SM and becomes absorbed by the absorbing blades
(blue solid line), or by the side walls of the guide. At the same time,
the spin-down component is transmitted through the SM-coated silicon
wafer, which has a thickness of 0.3 mm. For doubling the accepted
beam cross-section, two inclined SMs are combined into a single V-
element. To avoid leaking of neutrons with spin-up polarization, the
tips of the V-elements overlap and the ends intrude the sides of the
guide or overlap with the absorbing blades.

However, the range of angles of reflection of the polarizing SMs
is rather small, i.e. a few degrees only, resulting in small inclination
angles 6;. Therefore, the V-cavities have to be very long. A height of the
beam of 4 = 120 mm results in a length of the cavity with one V-channel
of 7000 mm. By arranging the V-elements, each of 30 mm height, in
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Fig. 1. Overview of the KOMPASS spectrometer. On the sample table, a closed-cycle refrigerator is mounted inside the Cryopad. Neutrons arrive from the right side, pass through
the monochromator (right) to the sample (middle) and to the analyzer detector unit (left). The instrument area is shielded by a fence of shielding walls (gray color). The borated

polyethylene shielding of the beamline appears in blue.

four parallel channels, the effective length of the cavity can be reduced
to 1750 mm (Fig. 3(b)).

The polarizing efficiency can be further enhanced via serial stacking
of several multichannel cavities, which becomes more pronounced with
increasing neutron energy. Fig. 4 shows the results of a McStas sim-
ulation providing the polarization of the originally unpolarized beam
after passing one, two, and three 4-channel V-cavities. The simulations
reveal a very high degree of polarization P ~ 1.0 across the whole
beam area in a range of wavelengths 2 A < 4 < 6.3 A. Moreover, the
transmission of the polarizer as given by the number of the polarized
neutrons leaving the cavity divided by the number of the incident
(unpolarized) neutrons is close to 0.25.

By technical reasons, the maximum length of guide elements is
restricted to be 500 mm. As shown in Fig. 3(c), four elements are glued
together to yield a polarizing cavity with a length of 1750 mm and a
height of 120 mm. Note that the sides of the cavities have a parabolic
profile in order to provide horizontal focusing.

3.1.3. Variable part of the guide system

Comprehensive McStas simulations of the parabolic, elliptical and
straight guide systems revealed the parabolic configuration as best per-
forming [18]. Compared to the straight guide it yields about a factor of
two in the intensity at the sample position in the relevant energy range,
combined with a significantly reduced energy width. The variable part
of the guide system is composed of four exchangeable guide sections,
which are mounted in pairs on two successive translation tables. Each
pair consists of one focusing and one straight guide. The guide sections
of the first and second pair are 1.28 m and 0.15 m long, respectively.
The coatings of the guide sections are given in Table 1. They can be
translated into the beam allowing the adaption of the energy- and
momentum-resolution according to the needs of the experiment. High-
est flux combined with a high energy- and low momentum-resolution
is obtained with the configuration, where both parabolically focusing
long and short sections are translated into the beam. In contrast, for
measurements requiring high transverse-momentum resolution, i.e. for

investigating excitations with a steep dispersion, the straight neutron
guides are selected. To improve the Q resolution further, the short
guide can be replaced by a 20’ or 40’ Soller-type solid-state collimator.
Also the performance of the various possible focusing configurations
in several types of scans were simulated revealing more subtle differ-
ences [18] that will furthermore depend on the sample size and on the
role of background suppression.

For finest Q resolution the horizontal divergence of the beam can
be further reduced by inserting Gd,O5-coated-Mylar-foil Soller collima-
tors. The technical details of the collimators are listed in the Table 2
of Appendix. They can be placed after the monochromator, in front of
the energy analyzer and in front of the detector (see item 12 in Fig.
2(b)).

For reducing the instrument background due to scattering by air, the
polarizing cavities and the exchangeable guide sections are equipped
with thin aluminum windows and are evacuated down to 10°2 mbar
pressure by means of a scroll pump.

3.1.4. Optimization of the supermirror coating

The sides of the guide system are coated with non-depolarizing SM
with the index m. With increasing distance from the entrance of the
guide the index increases in the static part progressively from m = 2.5
to 4 due to the decreasing width w of the parabolic profile according
to Liouville’s theorem, i.e. wm =~ const. It further increases from m = 5
at the beginning of the long exchangeable section to m = 6 at the end
of the short focusing section.

On average, the sophisticated m-value variation in the sides from m
= 2 to 6 corresponds to a uniform m = 3.5 coating. McStas simulations
show that the guide system delivers about 10% more intensity when
compared with an identical system coated uniformly with m = 4 [18].
Moreover, as the number of layers of a SM is proportional to m* [83]
and the area for large-m coatings is rather small, the present guide
system is more cost-efficient than a system with a uniform coating.

For the sides of the straight long and short sections, the uniform
coating with m = 3.5 was found to be optimal for the neutron transport.
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Fig. 2. (a) Side view of the polarizing guide system showing the fixed and exchangeable sections. (b) Scheme of the KOMPASS spectrometer. The numbers in brackets designate
the number of the respective sections where more detailed information about the component is given.

separating blade
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Fig. 3. Panel (a) explains the ideal process of polarizing an incident unpolarized neutron beam by means of a Si-wafer that is coated with polarizing Fe/Si supermirror. It is
inclined under an angle of 6, with respect to the beam direction. (b) Schematic of the polarizing triple V-cavity (side view). The vertical division of the guide body into 4 V-channels
reduces the length of the whole polarizer by a factor of four. Note that the vertical scale of the panel is stretched. (c) Technical drawing of one of the V-cavities with a height of
120 mm. The cavity is assembled from 4 elements yielding the total length of 1750 mm.
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Table 1

Distribution of the m-value of the non-depolarizing supermirror coating. With increasing distance from the
entrance of the guide, the m-value of the sides increases due to the increasing divergence of the neutron

beam.
Serial polarizing cavities Exchangeable front-ends
Cavity 1 Cavity 2 Cavity 3 Long sections Short sections
Focusing Straight Focusing Straight
Side 2.5 3 3.5 and 4 5 and 6 3.5 6 3.5
Top/Bottom 1.6 1.6 1.6 2 2

The top and bottom of the guide are uniformly coated with non-
depolarizing SM m = 1.6 for the static parts (including the dividing
blades) and with m = 2 for the movable guides. The m-value distribution
along the guide system is summarized in Table 1.

3.1.5. Magnetic guide fields

The cavities and the guide sections are surrounded by magnetic
casings that provide a magnetic field for saturating the magnetization
of the Fe/Si coatings. Its strength of approximately 70 mT ensures the
absence of residual domains in the polarizing SMs resulting in a highly
polarized and simultaneously highly intense neutron beam provided by
the SM cavities. The very first tests performed at KOMPASS with an
opaque 3He cell confirmed the high quality of the incident beam with
polarization of above P = 97.4% over the whole beam cross-section.
P will be further improved by optimizing the guide fields between the
exit of the guide system and the sample position.? We point out, that
P = 97.4% corresponds to a flipping ratio R = 76 that is defined as
the ratio of non-spin-flip to spin-flip intensity measured at the sample
position. It is related to the incident polarization by P = (R—1)/(R+1).

The high polarization is secured by guide fields that are installed
along the entire beam path on the way to the spin-analyzer. Because the
SMs in the polarizing cavities are inclined with respect to the horizontal
plane, the saturating fields are applied horizontally i.e. parallel to the
SM surfaces.

2 Optimizing the guide fields can only be realized after restarting the FRM-II
reactor.

To facilitate the handling of the polarization after the triple-cavity,
the polarization of the beam is rotated from the horizontal to the
vertical direction. This task is accomplished by splitting the magnetic
housing of the long guide sections in two parts, separated by a gap
of 100 mm. The upstream part of the magnetic housing generates a
horizontal field, whereas the following part generates a vertical one.
Within the gap, the rotating magnetic field always exceeds 16 mT
thus guaranteeing an adiabatic rotation of the polarization due to the
adiabaticity parameter being at least 85 for neutrons with 4 = 1.8 A,
which represents the high-energy limit of the neutron spectrum at
KOMPASS. At the entrance of the spin-analyzing cavity of the secondary
spectrometer the polarization rotates back to the horizontal direction.

3.2. Velocity selector and neutron spin-flipper

Immediately after the short guide sections, a vertical elevator com-
prising two positions is placed. The bottom platform is equipped with
a velocity selector (VS) manufactured by Airbus Defence [84]. The VS
is of the helical lamella type [85,86] and its center coincides with
the focal point of the horizontally focusing guide system. The rotor is
equipped with 50 curved blades with a thickness of 0.4 mm. They are
made from carbon fiber and epoxy with absorbing 19B. It is mounted
inside a vacuum housing (Figs. 5(a) and 5(b)).

The rotator turns typically with several thousand revolutions per
minute (rpm) such that only neutrons with a particular energy band
pass the VS. The chosen screw angle of the blades of 23.5° results in
a minimum wavelength A, o = 2.35A at the maximum number of
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Fig. 5. Main parts of the velocity selector (VS): (a) the high-speed rotor is equipped with curved lamellae that are made from '°B coated carbon fiber. (b) Vacuum housing of

the VS. The neutron windows are made from Al

revolutions of 28300 rpm. The wavelength band is 44/4 of 30%. The
VS effectively suppresses higher harmonics, significantly reduces the
background, and increases the signal-to-noise ratio while maintaining
a good transmission up to 96% for a non-divergent beam. The magnetic
guide fields at the rotor that are required to maintain the neutron
polarization need to be limited in order to avoid heating by eddy
currents.

Thanks to the elevator, the VS can be replaced by a motorized
horizontal slit system that is mounted on the upper platform. Even
without this slit (i.e. VS in the beam), KOMPASS preserves the concept
of having a virtual-source [6,13,87] because the distances between
the focal point of the parabolic guide and the monochromator and
monochromator-sample, respectively, are similar. Inserting the slit at
this position perfects the concept as the slit can be adapted to the size
of the sample. Measuring with a slit profits from an intensity gain and
from an improved beam shape, whereas inserting the velocity selector
purifies the spectrum of the incident beam while maintaining essen-
tially the principle of the virtual-source. The mode with the selector
driven out will be useful when the higher harmonics are sufficiently
suppressed by the curved guide or are not harmful for the experiment.

Next to the elevator, a large flat-coil spin-flipper is installed. It is
exposed to the vertical magnetic guide field between the elevator and
the monochromator. Positioning the flipper in the biological shielding
before the monochromator reduces the small but significant influence
of the magnetic stray fields stemming from magnetic fields that may be
applied at the sample position. A similar flipper can be installed on the
optical bench between the sample table and the analyzer.

3.3. Monochromator and analyzer units

The energy E; of the incident neutrons 2meV < E;; < 25meV is
determined by the take-off angle of the double-focusing monochroma-
tor composed of an array of 19 x 13 (w x h) highly oriented pyrolytic
graphite (002) crystals. (Fig. 6(a)). They exhibit a reflectivity close to
unity. The radii of curvature for horizontal and vertical focusing are
remotely adjusted. The size of the reflecting surface of the monochro-
mator is 275 x 195mm? (w X h) sufficient to capture all neutrons from
the guide system even at short wavelengths.

The design of the monochromator was carefully optimized to ap-
proach a curved surface while limiting the losses arising from the gaps
between the HOPG crystals. Detailed McStas simulations performed
for different crystal size and mosaic spread predict an increase of the
intensity of about 30% if one replaces the commonly used crystals with
a size of 20 x 20 X 2 mm?® (w x h X d) by crystals with the dimensions
14x14x2.5 mm> and a mosaic of 0.7° [18]. Note that the gap between
the crystals in the non-focusing condition is 0.4 mm.

For background reduction, 1 mm thick platelets consisting of ab-
sorbing 1°B-enriched B,C are mounted between the HOPG-crystals and
the holders. The vertical guide field across the focusing monochromator
is realized by iron yokes that are placed above and below the focusing

array. Magnetizing permanent NdFeB-magnets are mounted between
the yokes behind the focusing array.

Setting the monochromator-sample distance equal to the
monochromator-virtual-source distance and adjusting the width of the
virtual source to the sample size yields Rowland focusing conditions
if the proper curvature of the monochromator is chosen [6,7] thus
optimizing the performance of the instrument.

The energy analyzer consists of a similar 220 x 229 mm? (w x h)
double-focusing array of HOPG crystals (Fig. 6(b)). They have a size
of 10 x 20 x 2mm? (w X h X d) with a mosaic of 0.4° arranged in
21 columns and 11 rows. Alternatively, the 170 x 120 mm? (w X h)
fixed-vertically and variably horizontally focusing Heusler analyzer
(111) from the instrument PANDA can be installed for polarization
analysis [88]. In this case, the Heusler analyzer replaces or supplements
the V-cavity in the secondary spectrometer as discussed below.

Large HOPG analyzers and monochromators naturally produce dif-
fuse scattering close to the specularly reflected beam, thus hampering
measurements of weak inelastic signals at small energy transfers [89].
The wings of the Bragg peaks of the HOPG crystals contribute to this
scattering. This background scattering can be suppressed by inserting
Soller collimators, which can be realized at KOMPASS at three positions
(Fig. 2(b)). However, they are not adapted to the focusing conditions
usually applied to measure weak inelastic scattering. Therefore radial
non-oscillating collimators with either 30’ or 60’ separation between
radial blades can be placed between the analyzer and the detector
(Fig. 6(c)). The radial collimators use Gd,0O5 coated Mylar-foils [90],
which are separated by wedges at the top and bottom and stretched
by an aluminum frame. The outer dimensions of the collimators are
65.7x 240 x 100mm (w X h x 1). The number of the absorbing foils is 18
and 8 for the collimator with 30’ and 60’ separation, respectively. The
distance from the focus point to the entry amounts to 179 mm and that
to the exit to 271 mm for both units.

3.4. Biological shielding and beam catcher

The main challenge in the construction of the biological shielding
at KOMPASS was to obey the strict radiation safety requirements and
to maintain a low background below 3uSv/h outside the experimental
perimeter surrounded by an assembly of shielding walls. The walls are
composed of a sandwich of thick borated-epoxy, lead, and borated-
polyethylene layers covered with aluminum sheets. These walls are
shown in gray in Fig. 1. The door to enter the instrument area is
equipped with a interlock safety system that precludes personal pres-
ence in the area when the primary shutter is open or when an error
scenario occurs.

Especially the intense hard gamma radiation generated by the polar-
izer and by the selector has to be effectively suppressed despite the very
restricted available space and strictly limited floor loading. The design
of the shielding was optimized by conducting comprehensive Monte-
Carlo simulations prior to the construction [91]. The results revealed
that the existing monochromator shielding made from heavy-concrete
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(b)

Fig. 6. Panels (a) and (b) show the doubly-focusing HOPG monochromator and analyzer. (c) Radial collimators before the detector remove the diffuse scattering from the HOPG

analyzer.

of the upstream instrument NREX had to be supplemented by a thick
lead casing covering the first two polarizing cavities.

The polarizing guide system outside the NREX shielding, the two-
position elevator, and the monochromator assembly are protected by
a biological shielding composed of borated epoxy sheets (50 wt% B4C)
with a thickness of 5 mm that is covered with 240 mm lead and 150 mm
borated polyethylene (20 w.% B,03). The latter shielding appears in
blue color in Fig. 1. Close to the third polarizing cavity, additional
10 mm thick lead plates are screwed on the outer borated polyethylene
plates to suppress the gamma radiation that is generated by photo
neutrons from the lead shielding.

The monochromator is shielded by 52 lead blocks that are arranged
in two overlapping rows. The blocks are pneumatically lifted to give
way for the neutrons, which are reflected from the monochromator
with a take-off angle 20,,,, when varying their energy. The lead blocks
of the inner row are covered with 5 mm thick sheets of borated
aluminum at the side facing the monochromator. The mono-energetic
beam passes a rectangular funnel that is supplemented at the inner
side by a thick lead collar, thus reducing the gamma radiation from
the monochromator assembly. While changing 20,,,,, the funnel moves
together with the diffracted beam, whereas the surrounding lead blocks
are sequentially lifted up and down in such a way that only 15 shielding
blocks remain lifted at any position. The funnel provides a magnetic
guide field and allows a simple mounting of Soller collimators. They
are listed in Table 2.

A similar design composed of 36 light pneumatically driven borated
polyethylene shielding blocks is applied to shield the analyzer. Each of
the blocks covers an angular range of 9°. The sides facing the analyzer
are covered with sheets of mirrobor (borated rubber containing 82 wt%
B,4C). The analyzer shielding requires only one row of shielding blocks,
which have an asymmetric zigzag shape preventing the direct view on
the analyzer assembly through the shielding.

The beam passing the monochromator is absorbed by the direct-
beam catcher (see item 11 in Fig. 2(b)) mounted within the monochro-
mator shielding on the lead wall at the side opposite to the end of the
guide system. The catcher consists of a 218 x 250 mm (wxh) aluminum
frame with 8 tungsten lamellas of 46 x 250 x 6 mm (w X h x d) forming

Fig. 7. Technical drawing of the direct-beam catcher. Tungsten lamellas (drawn in light
blue) are covered with B,C sheets shown in black. Gray-colored elements represent
aluminum parts of the holding frame.

a comb-like structure shown in Fig. 7. The space between the lamellas
is covered with 6 mm thick natural B,4C sheets, and the lamellas sides
and front faces are covered with 1 mm and 4 mm thick B4C sheets,
respectively. The shape of the catcher prevents the backscattering of
the direct beam, while the tungsten lamellas and the lead wall behind
the catcher shield the gamma radiation generated during the neutron
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Fig. 8. (a) Multichannel polarization analyzer used for the spin analysis of the reflected beam at KOMPASS. The magnetic casing and the surrounding Hallbach array are removed.
One can recognize 15 channels, each hosting a SM V-cavity with embedded, double-side Fe/Si-coated SMs on Si substrates. (b) 10’ and 30’ solid-state collimators restricting the

vertical divergence of the beam can be inserted on front of the polarization analyzer.

capture. Note that the major part of the direct beam gets absorbed by
the 1 mm thick '°B-enriched B4C plates mounted behind the HOPG
monochromator crystals.

3.5. Sample table, beamstop and spectral filters

The compact layout of the instrument required designing a multi-
axial sample table with small lateral dimensions. It provides many
degrees of freedom such as a motorized (x, y) stage, a set of orthogonal
tilting cradles, and a z stage for the vertical displacement of the sample.
In addition, the sample stage serves as a solid mounting base for a ver-
satile sample environment, including a variety of closed-cycle cryostats,
two sets of Helmholtz coils, and the Cryopad setup for polarization
analysis.

The beamstop collecting the part of the monochromatic beam pass-
ing through the sample is mounted at the sample table on the side
opposite to the monochromator exit (see item 15 in Fig. 2(b)). It
consists of a 10 mm thick rectangular B,C plate placed on top of a lead
plate. For small sample scattering angles 20,,,,,.., where the optical
bench after the sample (item 14 in Fig. 2(b)) would collide with the
beam stop, it is pneumatically driven down automatically thus allowing
to conduct measurements at positive and negative values of 26,
without intervention.

If the VS is not used, higher-order neutrons, background or spurious
scattering [1] can be removed by spectral filters that can be mounted on
the optical benches. The following filters are available: actively cooled
polycrystalline Be and BeO or a pyrolytic graphite higher-order filter.

sample

3.6. Spin analyzer

The multi-channel V-cavity, shown in Fig. 8(a), enables the spin
analysis of the scattered neutrons at KOMPASS across an area of 100 x
214 mm? (w x h). A single-channel polarizing cavity, as described in
section 3.1, would require a long flight path of several meters, which
is not available between the analyzer and the detector. Therefore, 15
polarizing V-elements are vertically stacked on top of each other in
parallel channels reducing the total length of the analyzer to 650 mm.

Each of the 15 Vs is 602 mm long and covers a beam height of
14 mm. The legs of the Vs consist of 0.3 mm thin silicon wafers

coated on both sides with polarizing Fe/Si supermirror m = 4.2. The
V-elements are separated by horizontally arranged absorbing blades
made of uncoated 0.3 mm thin borosilicate glass (Desag 263 T). The
trapezoidal absorbing glass body is made of thick, uncoated borofloat
glass. It accepts a neutron beam covering an area of 100 x 214 mm?
(wxh), with the width tapering to 52 mm towards the exit thus roughly
following the horizontal envelope of the focused beam towards the
detector (Fig. 8(a)).

According to simulations with McStas, the expected polarization
exceeds 96% for neutron energies below 15meV. Because of the in-
clination of the legs of the Vs in the vertical direction, the polarization
and the transmission of the spin analyzer are largely decoupled from
the in-plane Q resolution, which is essentially determined by the beam
divergence in the scattering plane given by the horizontal curvature of
the analyzer.

However, the polarization efficiency of a V-cavity sensitively de-
pends on the inclination angle between the neutron momentum and the
polarizing SMs. Therefore, the vertical focusing of the analyzer needs
to be tuned to obtain a vertically parallel beam with a vertically open
diaphragm in front of the detector. Inserting collimators restricting the
vertical divergence of the beam in front of the V-cavity considerably
improves the polarization as shown in Fig. 9. Two vertical solid-state
collimators with 10’ and 30’ divergence shown in Fig. 8(b) were built
to be combined with the SM cavity. The size of the windows amounts
to 100 x 120mm? (w x h) and 102 x 215 mm?, for 10’ and 30’,
respectively. The corresponding lengths of the casings are 115 mm and
60 mm, for 10’ and 30’, respectively.

The collimation is defined by horizontally arranged 0.3 mm thin
silicon wafers that are coated on both sides with absorbing Gd or TiGd
layers for 10’ and 30’, respectively. To reduce the absorption losses, the
wafers are separated by 0.3 mm (and not stacked on top of each other),
thus half of the beam propagates through the low-absorbing silicon
wafers, while the other half propagates through the air gap between the
wafers. Such lamellar solid-state collimators show better transmission
when compared with the well-known standard collimators made from
Gd,03-coated Mylar-foils. In addition, the vanishing waviness of the
wafers reduces the beam losses further.

The polarizing SMs are magnetically saturated in a similar way as
those of the polarizing guide system. The direction of the guide-field
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Fig. 9. Polarizing efficiency of the polarization analyzer for different vertical divergence of the incoming beam simulated using a divergent source at the sample position. The

incoming divergence can be restricted by a collimator in front of the polarization analyzer.

rotates slowly from the vertical direction before the HOPG analyzer
to the horizontal direction at the entrance of the analyzer thus ro-
tating the polarization adiabatically. To suppress the intense stray
magnetic fields outside the spin analyzer, which would disturb the
neighboring neutron-spin-echo spectrometer, the magnetic fields are
generated by a self-compensated Halbach-array-like arrangement of
permanent magnets and a yoke that was developed in collaboration
with Forschungszentrum Jiilich (Babcock E. et al. [92]).

The additional magnets generate a total magnetic moment (i.e.,
product of magnetization times volume) equal to that of the original
magnet array, but in the opposite direction. As a result, the magnetic
fields of the original and additional magnets cancel each other out at
intermediate and longer distances, reducing the stray magnetic fields
outside the unit by more than a factor of 100. This reduction is critical
for the operation of field-sensitive instruments at adjacent beam ports.
In addition to the greatly reduced stray fields outside the analyzer,
the magnetic enclosure with the Halbach-like arrangement generates a
25% enhanced internal magnetic field compared to the simple design,
further improving the polarization efficiency of the SMs.

At KOMPASS, it will be possible to combine the spin-analyzing
V-cavity in the secondary spectrometer with a polarizing Heusler an-
alyzer, which can be used instead of the usual pyrolytic graphite
analyzer described above. Due to the special ratio of nuclear and
magnetic Bragg contributions in the Heusler material, the Heusler
polarizer reflects the same neutron polarization with respect to the
polarizing magnetic fields at the unit as a SM cavity [48]. Therefore,
both polarization systems can easily be combined.

3.7. Detector options

A commonly used ®He tube with 2inch diameter and an active
length of 120 mm is the standard detector option at KOMPASS. The
detector and spin analyzer are mounted in a large rectangular detector
unit equipped with an optical bench on which collimators, apertures,
and other beam shaping elements can be mounted. 225 mm thick sheets
of borated polyethylene shield the detector from external radiation. The

10

detector unit (seen as a large blue box on the left in Fig. 1) is placed on
the electrically shielded detector electronics box and forms the detector
tower unit, which can be attached either directly to the sample stage (in
the case of the two-axis mode for diffraction) or to the analyzer tower
(for studies with selection of the scattered neutron energy).

Optionally, a 1-inch diameter linear position-sensitive He detector
is available, allowing the neutrons to be recorded as a function of
detector height, which can be converted into a vertical divergence and
hence vertical Q resolution. Confining the signal to the central part of
the detector corresponds to an improved vertical Q resolution, while
integrating the whole detector yields more signal at lower Q resolu-
tion. Also, the polarization in neutron diffraction can be significantly
improved by confining the signal to the central part. The position-
sensitive detector allows this selection to be made after the experiment
via the analysis software, whereas the vertical height of the detector
can normally only be defined by an aperture permanently placed in
front of the detector tube.

A set of solid-state collimators with vertically arranged absorb-
ing wafers is used to restrict the horizontal divergence in front of
the two detector options. These horizontal collimators improve the
Q resolution, however, they will severely cut the intensity in most
inelastic studies. In contrast, the losses are significantly smaller in
diffraction experiments, where one strives for higher polarization and
small background.

To avoid damage during assembly and disassembly of the heavy
magnet housing with the sensitive and expensive spin analyzer, a
second, shorter detector unit was built, equipped with a detector and
an optical bench. This unit offers the advantage of a shorter analyzer-
detector distance of ~1 m. Within ~20 min, the original detector unit
with the spin analyzer can be reproducibly replaced by the shorter one,
allowing half-polarized experiments or polarized experiments with the
Heusler (111) analyzer.

4. Control of the polarization orientation at the sample

KOMPASS offers two different setups for controlling the neutron
polarization at the sample position. Using a common set of Helmholtz
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Fig. 10. Set of Helmholtz coils allowing one to apply a magnetic guide field of 2mT in any direction for longitudinal polarization analysis.

coils, the original vertical magnetic field guiding the neutron polariza-
tion after the monochromator is adiabatically rotated in the desired
direction at the sample position. The advantage of this solution is its
simple technical implementation, although achieving high horizontal
fields is not trivial. Since the quantization of the neutron spin is always
parallel to the magnetic field, only spin-flip processes can be measured
while spin rotation is not accessible. Therefore, this technique is called
longitudinal polarization analysis.

To generate the magnetic field at the sample, we constructed a
compact set of Helmholtz coils that allows to apply a magnetic guide
field of 2mT in any direction. The system is shown in Fig. 10 and
consists of two vertical Helmholtz coils with an outer diameter of
406 mm and three circularly arranged 120° coil segments with an inner
diameter of 285 mm and vertical opening of 125 mm. The geometry
of the coils was optimized using the COMSOL Multiphysics simulation
software [93] to generate a homogeneous field over the typical sample
volume up to 40 x 40 x 40mm?. In addition, it allows fine alignment
of the standard bottom-loader cryostat used at KOMPASS and does not
require active cooling.

While it is quite easy to generate sufficiently large vertical guide
fields at the sample and along the neutron path, the application of hori-
zontal fields can lead to an unacceptable reduction in the magnetic field
along the paths. To avoid such field-free areas, the entire Helmholtz
system must be rotated, which is also required to avoid shadowing of
the neutron beam by the three columns required for the windings of the
three horizontal field coils. Therefore, the Helmholtz system is mounted
on a secondary, remotely controlled rotation table of the sample stage.
In addition to this conventional system, a setup with a diagonal coil
arrangement is also available that does not lead to any shadowing of
the beam [88].

To overcome the limitations of longitudinal polarization analysis, it
is necessary to completely suppress the magnetic field at the sample and
to manipulate the polarization of the incoming and outgoing neutrons
by guide fields outside the sample space. The Cryopad as developed at
the Institute Laue-Langevin (ILL) [94,95] meets this requirement. Its
superconducting Meissner shield provides an efficient suppression of
the magnetic field around the sample. Two nutators combined with two
coils for neutron precession in the outer part of the Cryopad allow an
independent manipulation of the guide fields for the incoming and out-
going neutrons thus adjusting their direction of polarization [94,95].
Therefore, one can analyze non-diagonal polarization (or transversal)

11

terms corresponding to the rotation of the neutron polarization. This
technique is called 3D or spherical polarization analysis.

The third generation Cryopad [94,95] was acquired in collaboration
with the ILL. Only the nutators had to be adapted for KOMPASS. In the
nutators, the vertical guide fields are first rotated along the beam and
then in any direction perpendicular to the beam when looking towards
the sample. For inelastic experiments, it is crucial to guide beams with
a large vertical divergence through the nutators, which requires opti-
mization of the large opening between their front magnetic poles. The
exit aperture of the nutators at the side pointing to the sample amounts
to 40 mm. To define the beam size if necessary, smaller apertures
can be inserted between the nutators and the Cryopad cryostat. The
mechanical mounting of the Cryopad on KOMPASS is compatible with
small inclinations of the sample goniometers to fine-tune the sample
orientation.

5. Conclusions

While most TASs provide neutron polarization analysis as an option,
the cold-neutron TAS KOMPASS is designed and optimized for the
application of polarization techniques, such as longitudinal and spher-
ical polarization analysis, rendering it suitable for studying magnetic
correlations in various fields of research. The unique triple supermir-
ror V-cavity permanently incorporated in the parabolically focusing
guide system is the heart of KOMPASS delivering a beam with high
polarization and good transmission.

The design of KOMPASS was pursued with the objectives of com-
pactness, advanced focusing, low background, high polarization pre-
cision, and flexibility. The reduction of the monochromator-sample-
analyzer-detector distances are essential to maintain high statistics and
was also required by the little available space.

KOMPASS implements advanced focusing techniques at several
places. The large monochromator and analyzer units using highly-
oriented pyrolytic graphite are both double focusing with automated
control. The guide system is parabolically focusing in its static part
while the more decisive end segments can be either straight or focusing
to adapt the narrowing of the beam. Focusing guide segments can be
optionally inserted directly before and after the sample for studying
very small samples.

By transporting only the useful neutrons to the sample, the back-
ground can be reduced. This is realized with KOMPASS by the early
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Technical specification of the KOMPASS spectrometer.

Incident neutron beam

2.3 meV < E, <25 meV, 1.8 <1< 6 A, 1.05 <k < 3.5 A1

Polarizer

permanently installed three multichannel V — cavities in series

Horizontal focusing of guide sections

Static section
Exchangeable long sections

Exchangeable short sections

parabolic
parabolic straight
parabolic straight 20’ coll 40’ coll

Velocity selector

Jeutot = 2-35 A, 44/4 = 30%

cut-of

Monochromator (M)
M - crystal array

M - scattering angle
M-S distance

M - exit collimation

HOPG(002), variable doubly focusing, 275 x 195 mm (w x h)
19 x 13 crystals (w x h), each 14 x 14 x 2.5 mm (w x h x d)
28 <20, < 135 deg

12m < Lys <1.67 m

10, 20’, 40’, 80’ and open

Sample (S) scattering angle
S - A distance

—140 <265 < 140 deg
Im<ILgy <13 m

Analyzer (A)

A - crystal array

A - scattering angle
A - D distance

A - entrance collimation

HOPG(002), variable doubly focusing, 220 x 229 mm (w x h)

Heusler(111), variable horizontal focusing, 170 x 120 mm (w x h)

HOPG(002), 11 x 21 crystals (w x h), each 10 x 20 x 2 mm (w x h x d)

Heusler(111), 11 x 3 crystals (w x h), each 17 x 12 x 5 mm (w x h x d)

~140 <20, < 140 deg

with spin-analyzing V - cavity, Ly, = 1.36 m
half-polarized mode (no cavity), Ly, = 1 m

10, 20’, 40’, 80’ and open

Spin - Analyzer

CollimatorsL in front of
secondary V — cavity

Secondary V - cavity, Heusler analyzer or their combination

10’ and 30, restricting vertical divergence

Detector (D)
D - entrance collimation

Radial collimators

¢ 2-inch®He tube or ¢ 1-inch linear position sensitive counter

10’, 20’, 40°, 80’ and open or fixed diaphragms

0.5° or 1.0°

Optional filter

Cooled Be and BeO filters, PG filter

position of the initial polarizer, by the velocity selector, and by various
elements to shape the beam.

KOMPASS offers several modes of operation in its secondary part.
First, one may either use the analyzer unit for selection of the fi-
nal energy or directly mount the detector unit behind the sample
tower for diffraction studies. Second, both the elastic and the inelastic
configurations can be combined with several polarization options for
analyzing the scattered neutrons: none for half-polarized experiments,
a SM polarizing cavity, a Heusler unit or the combination of both.
Inserting vertical collimators close to the SM polarizing cavity tunes the
quality of the polarization analysis, and inserting horizontal collimators
at various positions sharpens the Q resolution.
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