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Neutron scattering is a well-established tool for the investigation of the static and dynamic properties of
condensed matter systems over a wide range of spatial and temporal scales. Many studies of high interest,
however, can only be performed on small samples and typically require elaborate environments for variation of
parameters such as temperature, magnetic field and pressure. To improve the achievable signal-to-background
ratio, focusing devices based on elliptic or parabolic neutron guides or Montel mirrors have been implemented.
Here we report an experimental demonstration of a nested mirror optics (NMO), which overcomes some of the
disadvantages of such devices. While even simpler than the original Wolter design, our compact assembly of
elliptic mirrors images neutrons from a source to a target, reducing geometric aberrations, gravitational effects
and waviness-induced blurring. Experiments performed at MIRA at FRM-II demonstrate the expected focusing
properties and a beam transport efficiency of 72% for our first prototype. NMO seem particularly well-suited to
(i) extraction of neutrons from compact high-brilliance neutron moderators, (ii) general neutron transport, and
(iii) focusing and polarizing neutrons. The phase space of the neutrons hitting a sample can be tailored on-line
to the needed experimental resolution, resulting in small scattering backgrounds. As additional benefits, NMO
situated far away from both the moderator and the sample are less susceptible to radiation damage and can
easily be replaced. NMO enable a modular and physically transparent realization of beam lines for neutron

physics similar to setups used in visible light optics.

1. Introduction

Many researchers active in a vast range of scientific disciplines
appreciate neutron scattering as an important tool to investigate static
and dynamic properties of condensed matter systems across large spa-
tial and temporal scales. While able to address a plethora of scientific
topics, experiments often suffer from the limited neutron flux avail-
able from present-day sources. The most interesting experiments can
often be performed only on small samples, such as laboratory grown
single crystals of novel, complex materials or of biological macro-
molecules [1]. Further limitations on the sample size are imposed by
the experimental conditions needed to address a particular research
problem. For example, continued progress in the investigation of phase
transitions, which are key to understanding the physics of quantum
criticality and superconductivity [2-4], is made possible by subject-
ing samples to extreme temperatures, magnetic fields, and pressures.
Most notably, ultra-high pressures are achievable only with tiny sam-
ples; clamp cells made from CuBe or more sophisticated alloys are
limited to pressures in the few-GPa range (e.g., 1.8 GPa for sample
volumes V' < 425mm?3 [5], up to 3.5GPa for smaller samples of V <
300mm? [6]), whereas pressures up to 400 GPa can only be achieved
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with diamond anvil cells limited to tiny samples with diameters less
than 20 pum [7]. Advanced sample environments furthermore decrease
neutron access to the sample, e.g., requiring neutrons to pass through
structural materials needed to maintain sample temperatures, further
limiting signal-to-background.

To some extent, these difficulties can be mitigated by focusing of
the incident neutron beam, which can increase the scattering signal
from small samples. This may also improve the background, provided
that one succeeds to prepare a clean beam of only those neutrons
that may contribute to the scattering signal. Avoiding the “halo” of
useless neutrons originating from, e.g., scattering in intensely exposed
apertures near the sample region is also beneficial for an improved
signal-to-background ratio.

It is the main goal of this paper to bring to the attention of neutron
instrument developers a first experimental demonstration of a new type
of neutron transport device, with properties that are appealing for a
variety of applications. The paper is organized as follows: after this
Introduction, Section 2 presents the operational principle of elliptical
nested mirror optics (NMO), along with basic implementations; Sec-
tion 3 describes a prototype device and an experimental setup for its
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characterization with neutrons; Section 4 presents experimental results,
which are compared to simulations in Section 5; Section 6 discusses
various applications of NMO. The paper concludes with a summary and
an outlook, and is complemented by three Appendices.

2. Operational principle and basic implementations of nested el-
liptical mirror optics

Due to their lack of an electric charge, guiding and focusing of neu-
trons by mirror reflection from surfaces is presently the predominant
method to prepare neutron beams for research. After the discovery
of the total reflection of neutrons at small angles from metal-coated
surfaces in 1945 by Fermi and Zinn [8], Maier-Leibnitz and Springer
invented neutron guides with a rectangular cross section, to overcome
the decrease of the neutron flux by the squared inverse of the distance
from a point-like source [9].

Early neutron guides frequently used nickel coatings, which, com-
pared with other materials, possess a particularly large “critical angle”,
below which neutrons of a given wavelength, 1, undergo total reflection
from the surface. For this reason, this material-dependent quantity is
frequently discussed using nickel as a reference, and is written

Ocpy = mKcA, (€8]

where ¥ = 0.099deg/A = 0.00173rad/A with a numerical value
chosen to be characteristic for Ni with natural isotopic composition.
The dimensionless factor m, referred to as the “m-value” of a mirror
coating, quantifies the deviation of the critical angle from the critical
angle of Ni, i.e., 6., = mf.; = m.(Ni). Later on, the development of
supermirrors [10,11] has enabled a significant increase of the critical
angle by up to m ~ 8 times [12]. As a result, compared to Ni-coated
surfaces, supermirror coated guides can transport neutrons emanating
from ambient and even from hot moderators within a significantly
increased solid angle, or “beam divergence”, defined as twice the
critical angle per lateral dimension.

In long neutron guides, losses due to imperfect mirror reflectiv-
ity can be reduced by using side walls with elliptical or parabolic
shape [13,14], extending an earlier concept of a “ballistic neutron
guide” with a diverging and reconverging cross section [15,16]. Con-
sequently, most beam lines at the European Spallation Source (ESS)
use elliptic guides to transport neutrons from the moderators to the
instruments [17]. However, while such guides are well-suited to narrow
beams, geometric aberrations strongly increase with source size [18].
As may be seen in the illustration of Fig. 1, unless reflection occurs
within a small region near the co-vertex of the ellipse at z = 0, defined
as the origin of the optical axis, neutrons starting with vertical offset
Ar; from the first focal point, F;, will be either focused or “defocused”
at the second focal point, F,. The offset at F,, 4r,, is related to 4r,
by [18]

A, f-z
A [tz
Hence, the aberrations at the sample position depend on the
z-coordinate of the point of reflection, so that for a long elliptic guide
strong variations of the divergence and intensity profile may occur at
F,, compared to the beam profile at F; [19]. Moreover, multiple reflec-
tions in the guide may reduce the overall transport efficiency [20]. In
addition, a complete description of neutron focusing needs to consider
the influence of gravity, which can also lead to a vertically distorted
reflection pattern [21].

Geometric aberrations characterized by Eq. (2) can be limited by
truncating the ellipse to a smaller region along the z-axis (compare
Fig. 1). This modification, which keeps only the reflecting surfaces
within a small region, for instance centered on z = 0, would provide
an unmagnified optical image of the primary beam, of width 4r, ~ 4r,.
The shorter one chooses the length / = z, — z, of this section, the better
the definition of the beam image at F,. However, short / also results in
small angular acceptance.

(2)
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Fig. 1. Flight paths of neutrons emitted near the first focal point F, of an elliptic
mirror with a negative offset Ar; from the optical axis (shown as a black broken line).
The semi-major and semi-minor axes of the ellipse, a and b, respectively, define the
focal points, located at z = +f, where f = V/a?> — b2. Neutrons reflected at points with
z < 0 arrive at F, with an increased offset, i.e., “defocused” (|4r,| > |4r,|, neutron
paths indicated as green lines), whereas those reflected at z > 0 are focused toward F,
(|4r,| < |4r,|, blue lines). Neutrons reflected at z ~ 0 arrive at F, with Ar, ~ 4r; (red
lines).

Fy zs z=0 2z F,

reflected at z,
-o- focal points/optical axis

—— elliptic mirror; z to z.
—— reflected at z=0
—— reflected at z

Fig. 2. Elliptic NMO including exemplary neutron beam paths. The black solid lines
indicate the realized elliptic mirrors. Green and blue lines show the extreme neutron
flight paths, being reflected at the entrance (z,) and exit (z,) of the NMO, respectively.
The common focal points F; and F, of the elliptic mirrors are indicated by orange
circles.

As discussed in [22], and shown in Fig. 2, by nesting several elliptic
mirrors with common focal points but different semi-minor axes b,
one can increase the divergence of the transported beam, and hence
the total flux, without compromising the spatial beam definition. The
maximum divergence covered by a nested mirror optics (NMO) is
limited by the achievable m-value of the outermost supermirror. The
semi-minor axis of the latter, b,, can be determined after fixing the
locations of the two focal points. By requiring that a line originating
from F,; connects the back end of a specific mirror at z = z, with the
front end of the adjacent inner mirror at z = z, one can construct a
device capturing a geometrically defined range of angles in an iterative
manner [23]. For a finite number of mirrors, rays with angles within
a range 24a, see Fig. 2, do not participate in the imaging process. The
impact of this “divergence hole” on the neutron transport efficiency
will be further studied in Section 6.2 where we analyze elliptic NMO
in the context of applications. While one could fill the divergence hole
with additional mirrors, an absorber centered on z = 0 can remove the
direct view onto the source along the optical axis, e.g., for suppression
of fast-neutron background from a spallation source.

In Fig. 2, r can designate either a Cartesian coordinate, or the radial
coordinate in a cylindrical geometry. In the latter case, the sketch rep-
resents a toroidal mirror system [24], generated by rotating the shown
nested truncated elliptic lines around the optical axis. The sketched
system would thus comprise five rotationally symmetric mirrors. In the
case with a Cartesian r-coordinate, the sketch shows a section view of
an NMO, which refocuses neutrons only in one of the two dimensions
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Fig. 3. Double-planar (violet) and toroidal (green) elliptic NMO. (a) and (b) show
views from different angles to the optical axis (red). For the purpose of illustration,
the curvature of the ellipses is vastly exaggerated and a quarter of the toroidal NMO
is removed.

transverse to the beam. To achieve a complete imaging of a narrow
divergent beam, similar to the toroidal system, two orthogonal planar
NMO can be combined. Fig. 3 shows a graphic representation of both,
the toroidal version and of a double-planar NMO with two spatially
separated subsystems located in the z-sections (—/, 0) and (0, /). A more
compact, albeit technically more demanding, possibility would be to
locate both subsystems within a common z-section (-//2, [/2), thus
intersecting each other.

A double-planar system with horizontal and vertical mirrors shares
its symmetry with the rectangular neutron guides currently used for
neutron transport and is thus well-suited to be combined with them. On
the other hand, toroidal mirror systems might ultimately be more effi-
cient because they refocus neutrons in both dimensions simultaneously
by only a single reflection. However, the deposition of high-quality
supermirrors directly on curved substrates seems technologically dif-
ficult [25,26]. In the limit of very short mirrors, where the elliptic
curve can be approximated by a straight line, coating of flat substrates,
subsequently bent into a final cylindrical geometry, might be a viable
alternative if one can keep mirror waviness well under control. As a
further alternative, one could also envisage a tessellation made of small
pieces of flat mirrors as a design principle to construct NMO.

3. Experimental setup

To investigate the overall performance of an NMO, we constructed
a prototype of a planar, elliptic system with unit magnification and
performed several experiments using the multi-purpose three-axis spec-
trometer MIRA at the Maier-Leibnitz-Zentrum (MLZ) [27]. The quality
of the neutron optical image and the efficiency of neutron transport,
i.e., how many neutrons entering the optics are recovered near its sec-
ond focal point, were of primary interest. However, the NMO prototype
was constructed from polarizing supermirrors, left over from a polarizer
assembly, and we therefore also took the opportunity to investigate the
polarizing properties of the prototype.

Mono-crystalline silicon, coated on both sides with polarizing FeSi
supermirrors with m = 4.1 and edge reflectivity, R, = 82%, were used as
the mirror plates. As no absorbing sub-layer was used, the mirrors had a
high transparency for neutrons exceeding the (polarization-dependent)
critical angle, 6% . Each plate had a substrate thickness of dgy, =
0.15mm, a length of / = 120 mm, and a height of 45 mm. Using the for-
mulas presented in Ref. [23], we designed an NMO consisting of eight
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such plates, with each of the two focal points symmetrically situated
at distance f = 600 mm from the center of the assembly. Note that,
in the design process, mirrors were treated as single-sided, with the
back-side coatings of the thin plates being neglected; however, as will
be described further on, these reduce device efficiency by up to 10%.
The mirrors were inserted into grooves machined into two aluminum
base plates of a casing, defining the required elliptic paths with semi-
minor axes ranging from b, ~ 17mm to b; ~ 4mm. The divergence
of the incident beam delivered by the crystal monochromator of MIRA
could be covered with mirrors installed only on one side of the optical
axis, as visible in Fig. 4. The casing was placed between two iron plates
connected with NdFeB magnets, forming a yoke with a field of ~ 50 mT,
sufficient to magnetize the FeSi supermirrors.

The experimental setup for the investigation of the neutron optical
properties of the NMO prototype is depicted in Fig. 5. The monochro-
mator of MIRA provides neutrons with a wavelength of 1 = 4.94,
with §4/4 ~ 1%. An aperture (A;) with remotely-adjustable width w
defines a neutron source at the first focal point F,, which the NMO is
expected to image onto its second focal point F,. A second aperture (A,)
restricts the beam width at the entrance of the NMO to its geometric
acceptance. This beam preparation allows us to define the neutron
transport efficiency of the NMO as the ratio of two integrated neutron
rates: that encompassing the focused beam image and that comprising
all neutrons arriving at the detector with the NMO removed.

The NMO was mounted on a rotation table with its vertical axis
of rotation centered in the entrance area of the NMO. This ensured
that the exposed area of the NMO did not change upon rotation within
the small range of angles 6 needed to scan through the optimum
of beam focusing. The neutrons were counted by a position-sensitive
detector (PSD), installed at a distance d from the center of the NMO
(corresponding to z = 0 in Fig. 2). Its large area of 200 x 200 mm? and
spatial resolution (FWHM) of (2.5+0.1) mm [28] not only allowed us
to resolve the complete beam into distinct reflected and transmitted
components, but also to detect spurious partial beams during the
installation and alignment process. In addition, the PSD was mounted
on a motorized bench, making it possible to vary the distance d, and
thereby investigate the focusing properties of the NMO around F, along
the optical axis.

For measurements with polarized neutrons, the beam was prepared
by inserting a transmission polarizer behind A;. This device consisted
of a stack of silicon plates coated with polarizing supermirror, and
a collimator to remove the reflected beam with the unwanted polar-
ization state. Notably, the installation of the transmission polarizer
did not alter the course of the transmitted and polarized beam from
that previously defined in the setup without polarization. A flat-coil
spin flipper allowed us to invert the polarization of the beam incident
on the NMO with respect to its static magnetic field. In the limited
space around the beam, a number of magnetic coils were installed
between the polarizer and the NMO. These were tuned in such a way
as to respect the field requirements of the spin flipper and to ensure a
smooth magnetic guide field. All adjustments were done in pursuit of
an optimum “flipping ratio”, defined as the ratio of count rates in the
focused beam image with the flipper switched on and off, respectively.
In its final configuration, with a guide field exceeding 2 mT everywhere
between the polarizer and the NMO, we attained a flipping ratio of 16
and deemed this sufficient to study the polarization dependence of the
various reflected and transmitted beam components behind the NMO.

4. Measurements and experimental results

A first set of measurements was performed using the unpolarized
beam. A global maximum in the detected focused intensity was found
by independently varying two parameters: the orientation of the mirror
device, 0, and the distance between the NMO and the detector d. The
amplitude of the peak of the vertically-integrated (i.e., along the y-axis
of Fig. 6(a)) detector data was chosen as a metric for the quality of
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Fig. 4. Pictures of the NMO prototype with its eight elliptic mirror plates. A ninth, central and straight mirror solely facilitates the alignment of the optic. The grooves visible on
the right hand side were left empty. The rods on the sides of the device contain the permanent magnets for magnetization of the supermirrors. (See text for a description of the

geometry and more details of the mirror setup).

spin flipper

transmission
polarizer

elliptic NMO

| —_
\ apertures center of d
monochromator rotation

Fig. 5. Geometry of the experimental setup installed at the instrument MIRA at FRM II
(top-down view). Studies with unpolarized neutrons were performed using the beam-
defining apertures A, and A,, the NMO prototype and a position-sensitive detector
(PSD). For polarized neutrons, a transmission polarizer and a spin flipper were installed
together with suitable magnetic fields to guide the neutron polarization between the
polarizer and the NMO.

focusing. For every combination of 6 and d on a grid, a Gaussian-type
function was fitted to this peak in order to determine its horizontal
position, x,, amplitude, A, and width, o, together with a constant
background, C, i.e.,

2
I(x) = Aexp <—M> +C. 3
262

Fig. 7(a) shows a contour plot of the fitted amplitudes A for all 0
and d, in addition to cuts through this plot at constant d (Fig. 7(b)) and
0 (Fig. 7(c)), respectively. The global maximum was used to define the
zero of 6. The intensity peaks within a fraction of a degree about 6 = 0.
The distance d is a less critical parameter for optimal focusing; within
uncertainties, the amplitudes stay constant within d = (600 + 30) mm.
These observations are consistent with expectations for this setup.

Next, we implemented the components for beam polarization as de-
scribed in the previous section. A repetition of the parameter optimiza-
tion produced results similar to those obtained with the unpolarized
beam (compare Figs. 8 to 7). Note that the finite resolution of the
detector limited the study of sharp features in the intensity distribution.

After fixing 6 and d at values corresponding to optimum focusing,
we varied the aperture A, to investigate the efficiency of neutron
transport for several beam widths in the range 0.25mm < w < 6 mm.
To ensure that none of the neutrons incident on the NMO missed the
device, we set the width of aperture A, to 8 mm. Analysis of the detected
intensities showed that, as a result of this measure, only five of the
available eight elliptic mirrors of the prototype were illuminated.

The corresponding normalized detector images are shown in Fig. 9.
They all share a common structure, displaying a peak of focused
neutrons and, barely visible left of this peak, an extended region of
unfocused neutrons leaking through the NMO mirrors. With increasing
w, one observes an increase in the width of the focal spot, as well
as an increase in neutron leakage, in agreement with the theoretical
expectation.

For each w, we determined a rate I, of neutrons integrated over
a wi,, = 9mm wide window (shown as red boxes in Fig. 9), which
contains the whole focused intensity for the widest w. A second rate I,
of the primary beam was obtained by counting all neutrons arriving at
the detector with the NMO removed from the setup while keeping all
other parameters constant. To characterize the efficiency of the imaging
neutron transport, we then defined the figure of merit,

Q(w’ wint) = IF2(W7 wint)/IAz(w)~ (4)

The obtained Q-values, also shown in Fig. 9, saturate for small
widths w at QO =~ 73%. The observed decrease of efficiency with
increasing width results from an increasing fraction of neutrons that
either pass the device unreflected or become reflected twice in one
of its mirror channels. These purely geometric effects are inherent to
NMO and persist even for perfect geometry. They scale with the ratio
of w to the ellipse’s semi-minor axis, and, hence, become smaller with
increasing lateral size of the NMO [23]. This and other size-related
effects will be further discussed in Section 6.2.

We note that a key quantity to be considered in the design of a
neutron transport system is the “brilliance transfer” [30], which charac-
terizes the efficiency of neutron transport from a source to a target area
in an infinitesimal volume element of beam phase space. In practice,
one has to optimize the brilliance transfer within an extended phase
space volume, which is determined by the intended use of the beam.
Both a toroidal and double-planar NMO cover a solid angle dictated
by NMO geometry, and make use of a range of neutron wavelengths
that is limited by the m-value of the supermirrors. One may therefore
define an integrated brilliance transfer from a spot F, to an equally-
sized spot F, to be the efficiency of neutron transport within the angular
and wavelength acceptance of the NMO.

For our single-planar NMO, which refocuses neutrons only in one
dimension, it is useful to define a partly-integrated brilliance transfer
in the same way as the figure of merit Q defined in Eq. (4), but for an
integration width equal to the beam width, w;,; = w,

B(w) := 0w, w). %)

The reason for having considered a figure of merit Q(w, wy,) with
win; > w for characterization of the refocusing efficiency of the NMO
was to eliminate the influence of the limited detector resolution of
(2.5 £0.1) mm, which did not allow us to measure the true integrated
brilliance transfer for small w. For the largest w studied, however,
one finds B (6mm) = 0.62 without any correction for the detector
resolution, close to Q (6 mm,9 mm) = 0.68. It is to be noted that these
experimental values already include neutron losses due to imperfect
machining tolerances, imperfect neutron polarization and supermirror
reflectivity, and neutron absorption in the Si-wafers and coatings.
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Fig. 6. Detector image of the measured intensity on a logarithmic scale (a), and after vertical integration on a linear scale (b), for an unpolarized beam of width w = 0.5 mm. The
orientation of the NMO and the distance to the detector are = 0 and d = 600 mm, respectively, i.e., their optimal values. A sharp peak of focused “spin up”-neutrons occurs to
the right of a broader intensity distribution, whose large spread is mostly attributable to non-reflected “spin down”-neutrons.
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Fig. 7. (a) Contour plot of the amplitudes A for the unpolarized beam setup; data were acquired for the combinations of § and ¢ indicated by red dots. The maximum visible at
0 = 0° is broadened due to the limited resolution of the detector. (b) and (c¢) Cuts through the contour map at fixed values of d and 6, respectively. The error bars include, besides
counting statistical fluctuations, a fitting error of the non-Gaussian peak shape of both, the intensity of focused neutrons and the point spread function of the employed PSD [29].

5. Comparison of experimental results with Monte-Carlo simula-
tions

To support the interpretation of the experimental results, we per-
formed Monte-Carlo simulations, using the McStas software pack-
age [31]. The components employed were derived from those used
in [24] but, unless otherwise specified, further include finite reflec-
tivity, substrate thickness, absorption in silicon, and refraction at
the silicon-air interface. For the simulated setup, modeled with mir-
rors whose geometry and reflectivity of the double-sided coatings are
equivalent to those of their real counterparts, we obtain reasonable
qualitative agreement with measured data, as listed in Table 1. We
attribute the bulk of the remaining difference to the detector resolution
and to imperfect polarization. Estimates of the latter were not in-
cluded in the simulations due to insufficient knowledge of the separate
efficiencies of the polarizer, the NMO, and the spin-flipper. If one
assumes that the polarizer provides a beam of a high polarization of
p > 98% [27], the observed flipping ratio of 16 would correspond
to a polarization of 90% behind the NMO, explaining the observed
discrepancy between experimental and simulated Q-values. We expect
that the non-simulated finite mirror waviness has a negligible influence

on the disagreement between Qcy, and Qg;p,,, due to the small distance
between the NMO center and the detector (only 600 mm).

In order to investigate the dependence of the width of the focused
beam on the primary width w, we vertically integrated the detector im-
ages of Fig. 9, and determined the full widths at half maxima (FWHM)
of the resulting intensity distributions. Fig. 10 shows the obtained
FWHM plotted against w, together with the results of a simulation done
with unphysically high resolution. While the measured FWHM at small
w reflect the physically-limited resolution of the PSD, for larger w,
experimental and simulated FWHM values are in good agreement.

The small discrepancy between the simulated FWHM and w, ob-
served at large values of w, arises from a slight distortion of the imaging
at F,, which is a consequence of geometric aberrations in elliptic guide
shapes as described previously (Eq. (2) and Fig. 1). Neutrons reflected
near the exit of the NMO produce a triangular feature on top of the peak
profile (shown in blue in the inset to Fig. 10), while those reflected near
the entrance smear out the sides of the primary rectangular distribution
(shown in green). These two effects conspire to reduce the FWHM at
F, in comparison to w at F;.

In addition to the simulations of the measurements presented in
Section 4, we also performed simulations to study the influence of
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Table 1

Measured and simulated figures of merit, Q. The simulation reproduces the experimentally-observed plateau for widths
w <4 mm. We attribute the higher level of Qg to the assumption of ideal polarizing components.

w (mm) 0.25 0.5 2 4 6
Qexp 0.73 0.73 0.72 0.72 0.71 0.68
Qsim 0.82 0.81 0.81 0.80 0.77 0.73

substrate thickness and mirror reflectivity on the figure of merit, Q.
In these simulations, which are described in detail in Appendix A,
the basic geometry of the NMO prototype, with its double-side coated
mirrors, was maintained. The main result of these studies was that Q
was found to decrease with both increasing substrate thickness and
beam width. Fig. 11 depicts two effects that contribute to a reduction
of NMO performance as a result of the finite substrate thickness. The
first of these occurs when neutrons enter a substrate, either at the front
surface of a mirror plate or due to leakage through the imperfectly
reflecting inner mirror surface, and tend to become channeled by inter-
nal reflections. Although not necessarily absorbed within the substrate,
such channeled neutrons are unlikely to reach the second focal point
F,. The second effect concerns those neutrons that are initially reflected
close to the front end of one mirror, and then reflected again near
the back end of the adjacent inner mirror. In future work beyond the
current prototype, such effects may be avoided using custom single-side
coated mirrors. (See Appendix A for an analysis of these design factors.)

6. Applications

In this section we discuss potential applications of NMO. Most
importantly, NMO can improve the extraction of neutrons from small
sources by minimizing “phase space dilution” associated with neutron
guides. It is the opinion of the authors that such an application, in and
of itself, is a good reason to explore the use of NMO when developing
delivery systems for future neutron facilities.

The experiments reported above, with the small, elliptic prototype
NMO, have demonstrated an efficient, one-dimensional refocusing of
neutrons from a source to an instrument, mimicked by an aperture and
a PSD, respectively. This shows that an NMO can serve as a complete
neutron delivery system in a single, compact device. For an assessment

of size-related effects, including losses due to gravitational bending
of neutron trajectories, we report here results of additional McStas
simulations for planar elliptic NMO.

Besides elliptic NMO, parabolic NMO offer interesting complemen-
tary functionality. Instead of refocusing the beam directly, the latter
transform a high-divergence beam to low divergence, associated with
an increase in beam size. The original phase space volume as extracted
from the moderator can be recovered using a second parabolic NMO
that refocuses the neutrons. We will show that a system consisting of
two parabolic NMO connected by a long guide can provide a good
brilliance transfer over length scales of hundreds of meters.

In addition, the complementary properties of elliptic and parabolic
NMO provide a versatile framework from which a wide variety of
application-specific beam lines may be conceived. Certain components
might even be integrated into existing guide systems at well-established
research facilities to act as a final stage for neutron delivery, for
example, in focusing a beam onto a small sample inside a pressure cell.
Although such a hybrid approach would not necessarily offer the same
brilliance gains as would a fully NMO-based neutron extraction system,
it might nevertheless achieve significant improvements in beam quality
and a reduction in background at the point of focus.

6.1. Beam extraction

The extraction of neutron beams from an intense neutron source
is, for various reasons, a challenging task. Some of the difficulties are
purely technological. For instance, radiation damage occurring near the
source requires that careful choice of materials be made, and further
entails a need for regular replacement of neutron optical components
in a highly activated area. Other challenges are more theoretical in
nature: for example, how one maximizes the efficiency of delivery of a
neutron beam, characterized by its extent, divergence, and wavelength
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Fig. 9. Detector images used in the determination of the experimental figure of merit
O(w, wy,) defined in Eq. (4), for various beam widths w at F,. The area of integration
with width w;,, = 9mm and height 4 = 62.5mm for the determination of I, is outlined
by a red rectangle. The neutrons leaking through the NMO are barely visible in a
diffuse region left of the intense peak of focused neutrons. The transport efficiencies
amount to Q ~ 72% for most w with a slight drop at the largest width, as expected
due to geometrical neutron losses. All images are normalized to their total intensity.
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Fig. 10. Dependence of the horizontal width (FWHM) of the focused beam at F, on the
width w of the primary, rectangular beam at F,. The McStas simulation (green squares)
agrees well with the naive expectation of ideal one-to-one imaging, i.e., 4r, = 4r,
(green broken line), whereas the measured FWHM values were limited by the finite
resolution of the detector of (2.5 +0.1) mm, as indicated by the horizontal, red broken
line. The inset illustrates the effect of geometric aberrations on the image of the initially
rectangular intensity distribution as described in the text.

spectrum, to an instrument. This operation is fundamentally limited by
Liouville’s theorem, which dictates that, for systems obeying Hamil-
ton’s equations of motion, the phase space density cannot increase.
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Fig. 11. Depiction of channeling (blue) and double reflections (green) for selected
initial neutron trajectories (red) in an assembly of double-side coated mirrors, leading
to a reduction of the figure of merit, Q. Dashed red lines show the unperturbed neutron
trajectories for very thin mirrors.

F1

Fig. 12. Beam extraction from a moderator using a neutron guide (a), an elliptic NMO
(b), or a parabolic NMO (c). Except for a central hole in solid angle, NMO can largely
avoid the illumination losses occurring in neutron guides coupled to a small moderator.
The elliptic NMO allows one to tailor the size and the divergence of the beam exactly
to the needs, using apertures A, and A, far distant from the targeted focal point F,. The
parabolic NMO provides a low-divergence beam thus halving the angle of reflection
compared to an elliptic NMO or a straight guide.

Optimally then, the density at the point of delivery would equal that
emitted at the surface of the source. NMO were conceived in order
to approach this limit in neutron extraction even from a large solid
angle off a moderator. As an added benefit, the implementation of
NMO does not require that sensitive optical components be placed
in close proximity to the source, and thereby mitigates some of the
technological challenges described above.

The standard method of neutron extraction employs neutron guides
directed at the source. For technical reasons, guides are usually in-
stalled at a minimum distance dg; from the radiating surface of the
moderator. As illustrated in Fig. 12(a), for a neutron guide with critical
angle 6., (Eq. (1)), the wavelength dependent “vertical footprint” of
transportable neutrons at the position of the moderator is given by

B = hg + 2dsztan 8, = hg + 2dzemicA. (6)

For a complete illumination of the guide, the moderator height, 7.,
must equal or exceed this footprint, i.e., ¢, > h,. According to
Eq. (6), this requires that the guide be narrower than the moderator,
ie., hy < ty. Otherwise, the incident phase space is diluted along the
guide, reducing the brilliance at the sample position compared to the
possible maximum determined by Liouville’s Theorem. However, even
for hy < tp, the guide will stay under-illuminated for wavelengths
exceeding a cutoff 1. because the beam divergence is geometrically
limited; the guide fails to extract the more divergent neutrons that it
would otherwise be able to transport based on its angular acceptance.
For hy > tp, on the other hand, the guide is under-illuminated for all
wavelengths, lacking those neutrons with divergence larger than the
angular acceptance of the extraction system, and additionally suffer-
ing from a dilution of phase space density within the acceptance. A
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Table 2
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Vertical guide illumination losses of a typical NBOA at ESS, neglecting any further losses due to imperfect supermirror
reflectivity and using the following parameters: #,, = 30 mm, h, = 34.6 mm, dgg = 1903 mm, and m = 3.5. The guide-coating
limited divergence is given by 2a = 26.,, and the efficiency of extraction of neutrons transportable in the guide is given
by Eq. (7). llumination losses in the horizontal direction further reduce efficiency, albeit to a less penalizing extent for a

moderator with an assumed large width of w, =200 mm.

i A 2a (°) Ry (mm) Ey
0.5 0.35 46.1 0.65
1 0.69 57.7 0.52
2 1.39 80.7 0.37
4 2.78 127 0.24
6 4.16 173 0.17
10 6.93 265 0.11
15 10.40 380 0.08
20 13.68 496 0.06

common definition of the extraction efficiency,

t./h
e {lm/ m

accounts for both types of guide under-illumination. Note that a further
dilution of the beam phase space density occurs if the target area (with
size smaller than hy) is too far away from the guide exit.

Under-illumination of guides for neutron extraction seems to be an
obstacle in the current trend toward small “high-brilliance” modera-
tors, such as the flat, “pancake”-shaped para-hydrogen moderator at
the ESS [32,33] or “finger moderators” [34] for compact accelerator-
based neutron sources [35]. At the ESS, neutron beam optics assemblies
(NBOAs) start dg ® 2m [36] away from a flat moderator of thickness
tn = 30mm, whereas the extraction guides are all taller, i.e., hg > ty.
Table 2 shows that, for typical NBOA parameters at the ESS, even for
wavelengths as short as 4 = 14, the guide stays under-illuminated, as
argued above: already at beam extraction, nearly half of the possibly
useful neutrons are lost. For larger wavelengths and correspondingly
increasing angular acceptance, these losses progressively increase.

As the authors of Ref. [32] state, “The beam extraction efficiency
suffers when the source is reduced to a size similar or smaller than
the opening of the neutron guide. This results in a trade-off when
reducing the source size, between the resultant brightness increase and
the loss of beam extraction efficiency”. In full agreement with this
statement, one notes that under-illumination of neutron guides entails
two distinct types of compromises. On the moderator side, it impedes a
free optimization of its dimensions for maximum brilliance, which, in
principle, is ideal for the investigation of small samples, thus conform-
ing to another trend in neutron science highlighted in Section 1. On
the instrumental side, it restricts the possible scope of the instrument.
Lacking the more divergent neutrons, which the guide would be able
to transport if it were coupled to a larger moderator, a high-resolution
instrument cannot simply be extended with an otherwise convenient
high-intensity option.

The trade-off mentioned in the citation from Ref. [32] does not exist
for NMO. The divergence accepted by an NMO is determined by the
ratio of its height, hyyo (see Fig. 12(b) and (c)) to its distance from
the moderator, f. Provided that a sufficient solid angle can be made
available for neutron extraction, the transport of large-wavelength
neutrons to an instrument needs no longer be accompanied by large
losses of efficiency, as those quoted in Table 2. Moreover, and as is
further discussed in Section 6.2, the size of an NMO that efficiently
extracts neutrons from a moderator can be scaled down for decreasing
moderator size, without loss of efficiency. These properties of NMO are
an invitation to design high-brilliance sources that would allow for fully
optimized neutron delivery to even the smallest of samples, without the
compromises imposed by traditional neutron extraction systems.

for 1, < hy, o

for t, > hy,

6.2. Brilliance transfer by a planar elliptic NMO

In this section we extend our analysis of a planar elliptic NMO with
unit magnification as a basic solution for one-dimensional neutron ex-
traction and refocusing transport to a targeted region near F,. Here, our

main goal is to study the influence of NMO size-dependent effects on
the transport efficiency. Complying with the flat-moderator geometry
discussed in the previous section, we consider here focusing in the
vertical direction, which conveniently allows us to study the influence
of gravity. We first recall several possibilities for spectral and angular
beam definition, which NMO offer in addition to their superior beam
extraction efficiency.

The geometry of a planar elliptic NMO defines the kinematics of
imaging single neutron reflections. A neutron impinging on the (n+1)th
mirror plate (see Fig. 2 for the mirror indexing conventions) is reflected
under a narrow range of angles centered around arctan(b,/f) ~ b,/ f,
which becomes better-defined for smaller ratios w/f and I/ f. Since
the angle of reflection for a certain wavelength is limited by the
critical angle defined in Eq. (1), the reflectivity edge of the supermirror
produces a spectral cutoff for wavelengths shorter than 4 ,, determined
by the relation

b/ f ~ mykAc,. C))

A common value m, = m for all mirrors thus results in a different
A, for each of the mirrors. However, since angles of reflection and
mirror indices n are correlated, one can generate a common cutoff for
the whole covered angular range, 4., = 4.. According to Eq. (8), this
would require gradually decreasing m-values toward the center of the
NMO. Implementation of spectrum shaping in this manner may render
the use of auxiliary devices, usually employed to remove unwanted
faster neutrons (e.g., Bragg filters), unnecessary, thereby avoiding any
additional associated losses. In practice, selecting only a few m-values
for producing a soft cutoff might be sufficient to prevent unwanted
neutrons from reaching the instrument. A special option amenable
to NMO would be the use of band-pass supermirrors to prepare a
divergent monochromatic beam [22], similar to that in laterally-graded
parabolic guides [37]. Additionally, a beam could be polarized by using
polarizing supermirrors in the construction of the NMO.

Concerning the angular beam definition, one can restrict the beam
divergence by an aperture that masks a part of the mirrors. If the larger
range is never needed, the NMO can be equipped accordingly with
less mirrors. In the reported experiments we had analyzed the imaging
properties of a small, planar elliptic NMO with N = 8 mirrors on one
side of the optical axis. This “half-device” version can be extended
to a “full device” with N additional mirrors on the other side. For
applications requiring a small beam divergence, such as, for example,
in Small Angle Neutron Scattering, the half-device option provides a
seamless coverage of the angular range [ay ~ by /(f—1/2), ag = by/(f —
1/2)]. Note that the semi-minor axis by corresponds to a hypothetical
(N+1)th mirror. The additional N mirrors of a full device add the
range of angles [—a,, —ay]. The total reflected beam thus contains a
divergence hole, excluding the range [—ay, ay] shown as 24« in Fig. 2.

We now discuss simulations in the McStas software package of a full
device, equipped with 2N identical single-sided m = 4.1 mirrors with
edge reflectivity R, = 82% and thickness dg, = 0.15mm. To character-
ize its neutron transport efficiency, we determine the partly-integrated
brilliance transfer B, as defined in Eq. (5). Note that we extend the
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integration over the whole angular range between the geometric ex-
tremes, [—ay, ayl, thus defining “beam divergence” in a conservative
manner as an integral quantity that includes the divergence hole. For
additional refocusing in the horizontal plane, one can use a double-
planar device as described in Section 2, or, for a wide moderator and
wavelengths that are not too large, a conventional ballistic channel
of vertical mirrors, for which horizontal illumination losses might still
be acceptable. Referring to linear independent components of neutron
motion, the total integrated brilliance transfer in two dimensions is
given by the product of the corresponding B-values per dimension,
making it sufficient to simulate a single-planar elliptic NMO.

We are primarily interested in how B changes with NMO size and
neutron wavelength 1, for an NMO capable of transporting neutrons
with the maximum possible divergence. To this end, we simulated the
transport of a narrow range (+5%) of wavelengths around a central
value 4, choosing for each A a corresponding b, so that the critical
angle matches the geometrically-defined divergence [—a,, ay]. For a
well-defined linear size scaling of the whole NMO, we then varied
the focal length f while keeping constant the ratios b,/f and I//f,
and the height of the targeted area, w = 6 mm. For each situation,
we implemented the maximum number of mirrors for the respective
wavelength. Remembering that the distance between adjacent mirrors
decreases toward the center of the NMO (see Fig. 2), the number 2N
is limited by the condition that the minimum distance between mirror
surfaces cannot be smaller than the sum of thicknesses of the substrate
and the ridge between adjacent grooves, i.e., dyin = dgyp, + dg. For the
latter we conservatively chose dg = 0.35 mm as a technically reasonable
lower limit. Taking d,;, as constant, 2N increases when scaling up the
size of the NMO.

The results shown in Fig. 13(a) can be understood as the super-
position of several effects. First, one notes that, as a consequence
of the adopted conditions, the larger one chooses f (and thus 2N),
the smaller the resulting divergence hole becomes. A second effect
favoring a larger NMO is the geometrical loss associated with neutrons
being reflected twice or not at all when passing through one of the
mirror channels. This loss scales with the ratio of the height of the
beam window targeted at F, to a corresponding semi-minor axis of
the ellipse, w/b,. Gravity bends the neutron trajectories, violating the
assumptions on which the recipe of NMO construction was based.
While, in principle, one could adapt the mirror distances to account
for gravity for monochromatic neutrons, we deemed this too restrictive
for the present discussion. The dependence of gravity on f is opposite
to the aforementioned effects, finally limiting B to an optimum value,
which, for the assumptions made, stays well above 85% within a broad
range of values for f. These gravity-induced effects depend on the time
spent by a neutron to travel from one focal point to the other, 7;, which
is proportional to the wavelength of the neutron and the focal length
of the NMO, #; « 2fA. If B is investigated as a function of 2/ 4, we
therefore observe similar values across all simulated wavelengths, as
shown in Fig. 13(b).

One can see from Fig. 13(a) that the B-values for the NMO are
significantly larger than those for a representative NBOA at the ESS,
quoted in Table 2, despite the former including additional losses caused
by the finite mirror reflectivity. Moreover, these losses are predicted to
affect NBOAs more severely, due to the increased number of required
reflections compared to an NMO. The divergence hole of the NMO
may, at first, appear to be a disadvantage. However, it generates only
a marginal loss of B, which is more than compensated for by a large
gain in beam quality, especially considering that the beam spectrum
transported by a neutron guide is unavoidably contaminated with fast
neutrons. Additional information regarding the beam quality at F, is
given in Appendix B, discussing how well NMO preserve a given volume
of phase space during transport.

Including other types of NMO, it is, for instance, possible to double
the divergence per dimension with a setup comprised of two parabolic
NMO in series, due to halving the angle of reflection compared to a
single ellipse. In the next section we show that this idea is well-suited
to neutron transport over a long distance, being much less limited by
gravitational beam bending.
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Fig. 13. Partially integrated brilliance transfer B, as defined in Eq. (5), for a planar
elliptic NMO scaled in proportion to its focal length f, as described in the text. The
following parameters were kept constant: //f = 1/10, dg, = 0.15mm, m = 4.1, R, = 82%,
and w = 6mm. (a) and (b) show the same data plotted against 2/ and 2 f A, respectively.

6.3. Long-distance neutron transport

As discussed in Section 6.2, a well-designed elliptic NMO with unit
magnification can, to a large extent, restore the beam phase space
density at its second focal point, F,, to that emitted at F,. However,
as may be seen in Fig. 13, for focal lengths f exceeding a few tens of
meters, and for typical cold-neutron wavelengths, gravitational bending
of neutron trajectories spoils the vertical brilliance transfer of a simple
elliptic NMO. This problem also prevails in long focusing guides [21],
where it is responsible for significant neutron losses and phase space
distortions. For instruments requiring a very long neutron flight path,
such as for example a neutron time-of-flight (ToF) spectrometer with
highest resolution, a different approach is needed.

To cover such applications, we propose here a system consisting of
two parabolic NMO connected by a long guide for low-loss transport
of the produced low-divergence beam, as shown in Fig. 14(a). The
focal lengths f, and f, can be configured according to the needs
of the instrument. The first parabolic NMO transforms the divergent
beam extracted from the moderator to low divergence, and increased
beam size according to Liouville’s theorem. This significantly reduces
the number of reflections per meter in the guide, with a maximum
reflection angle well below the critical angle. Therefore, reflection
losses are small, so that the length of the guide only weakly affects the
transported flux. The second NMO refocuses the low-divergence beam
from the guide onto its second focal point.

Appendix C presents simulations of such a system, comprised of
two double-planar parabolic NMO in which a two-dimensional beam
is extracted from a small, circular moderator with a diameter of 30 mm
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CH, CH, CHs

Fig. 14. Some options for long-distance transport of neutrons from a moderator to an
instrument. (a) System of two parabolic NMO connected by a guide. Different focal
lengths f, and f, may be used for non-unit magnification (see also Section 6.4).
(b) Elliptic NMO provide intermediate beam images for the placement of choppers
(CH,—CH,). (c) Configuration with elliptic and parabolic NMO.

(which could be a “finger moderator” [34]) and refocused with unit
magnification after being transported over 160m by a straight guide.
The simulations show that gravitational effects only slightly disturb the
transported intensity distribution, such that a significant ratio of neu-
trons entering the first NMO is recovered at the focus. The integrated
brilliance transfer thus determined for the whole size of the moderator
amounts to B, = 23%.

Comparing such a system to an elliptic NMO, one notes, in addition
to the advantages already mentioned, the following: (i) the length of
the straight guide section for long-distance transport can be chosen
freely; (ii) due to the small divergence of the beam provided by the
first parabolic NMO, mirrors with small m-value can be used, taking
advantage of a higher edge reflectivity at reduced cost; and (iii) the
lateral extent of the beam throughout transport stays smaller, reducing
the amount of shielding necessary. Both systems have in common that
only useful neutrons are transported. In order to avoid the direct line-
of-sight from the experiment to the moderator, a vertically imaging
NMO may be combined with a horizontal beam bender [38,39], which
channels neutrons within the empty space between curved mirror plates
via multiple reflections. Alternatively, one could imagine the use of a
slightly tilted NMO to interrupt the line of sight to the moderator at
the expense of deteriorating the beam quality at the target position.

Both elliptic and parabolic NMO can be combined for a versatile
configuration of beam lines. If the installation of choppers in a beam
line is required, elliptic NMO may be advantageous as they can refocus
the beam onto the slit position of choppers (see Fig. 14(b)). If choppers
and a long neutron flight path are required, as for high-resolution ToF
instruments, a system of elliptic NMO followed by a pair of parabolic
NMO connected by a guide (as discussed above) might be the best
choice (see Fig. 14(c)).

6.4. Focusing and magnification with NMO

Currently, neutron beams at the sample position are defined by
means of collimators and apertures based on the principles of the
pinhole camera (Fig. 15(a)). If the final aperture cannot be placed close
to the sample, as, for example, if a bulky sample environment is used,
sample surroundings will also be illuminated by a “penumbra” (red
broken line), resulting in an increased background. Replacing the slits
by elliptic or parabolic focusing guides [40] as shown in Fig. 15(b)
leads to a better definition of the beam at the sample, and an increase
in flux.

Still, if the guide exit is more than several tens of millimeters away
from the sample, a diffuse “halo” develops around the focused beam.
Moreover, in order to reduce phase space inhomogenities, the guide
must be sufficiently long [40].
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Fig. 15. Various options for illuminating a sample with a neutron beam (only one
dimension is shown). An optimum beam definition at the sample requires slits (a) or
focusing guides (b) placed close to the sample position, which is difficult to achieve
for a bulky sample environment. A “Selene” setup using elliptic (¢) and/or parabolic
(d) Montel mirrors requires significant space. Moreover they displace the beam from
the original optical axis. Parabolic NMO (e) provide a compact means for the beam
definition at the sample.

If sufficient space along the beam is available, a “Selene” setup,
based on two elliptic Montel mirrors may be used, as proposed by
Stahn and Glavic [41] and shown in Fig. 15(c, d). Typically, the
neutron beam is extracted from the moderator by a parabolic Montel
mirror, thus producing a focused beam, that is further transformed by
a pair of elliptic Montel mirrors. Such a focusing system is capable of
generating beams as small as 2mm at the sample position, avoiding
illumination of the surroundings. However, to obtain a larger beam
size (~10 mm), these systems become several meters long and are thus
difficult to implement at existing beam lines. A partial setup is also
not helpful: using only a single Montel mirror deflects the beam and
strongly distorts its phase space [19].

Most of the disadvantages of slit and guide geometries can be
eliminated by using NMO. As demonstrated with the prototype, focal
lengths of 600 mm can be easily achieved, thus allowing one to place the
NMO approximately 500 mm from the sample, and providing plenty of
space for the sample environment. Moreover, a parabolic NMO provides
a beam with a large divergence, which, for this type of NMO, is given by
four times the critical angle of reflection of the outermost supermirror.
For example, an m = 6 supermirror can generate a beam with a
divergence of nearly 4.8° for 2 A neutrons. For m = 8, this is 1.6° at 4 =
0.5A. As shown in Fig. 15(e), the divergence and the size of the beam
at the sample can be adjusted by an aperture and a collimator in front
of the NMO, respectively [42]. It has to be noted that freely adjusting
the size of the focused beam by controlling the incident divergence of
the parabolic NMO requires a sophisticated setup including remotely
exchangeable collimators similar as used for parabolic guides [42]. For
elliptic NMO and guides, the footprint can simply be controlled by a
variable aperture.

In order to deliver a well-defined beam, geometric tolerances of
the mirrors and gravity-induced distortions must be sufficiently small.
Using sophisticated techniques for manufacturing, a waviness of 5 ~
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Table 3
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Exemplary geometrical parameters of various focusing devices, and their estimated waviness-induced blurring. The variable

dg; denotes the maximum unobstructed flight distance between a reflecting surface and the target, or between two mirrors,
n denotes the waviness, Aw = 2ndy and w denote the waviness-induced blurring of the beam at the target position, and the
maximum achievable beam size at the target, respectively. The values quoted for Aw and w are approximate, as they depend

on beam divergence, neutron wavelength and the detailed design of the specific optical components.

Device dg n Aw w
(m) (107* rad) (mm) (mm)
Focusing guide [43] 0.5 1 0.1 1
Selene [41] 15 0.4 1.2 10
NMO,,, 0.6 2 0.24 6
NMO, 0.1 0.5 0.01 0.5

micro

4 x 107 rad can be achieved, which results in an estimated beam blur-
ring on the order of Aw ~ 2nd5; = 1.2 mm for an optics-target distance of
approximately do; = 15m (Table 3). While the blurring can be reduced
by decreasing this distance, doing so typically limits the maximum
achievable beam size, w « dg. For a comparison of the waviness-
induced blurring, we also quote estimated parameters Aw and w for
a short focusing guide [43].

Compared to Montel mirrors, NMO seem to deliver larger beam sizes
across shorter distances before the brilliance transfer severely suffers.
For instance, the elliptic NMO used during our experiments delivered
a beam with w < 6mm for dg; = 0.66m. A parabolic NMO,,;, with a
focal length of 0.6 m and an assumed waviness of # = 2 x 107 rad would
allow to define the focused beam with a waviness-induced blurring on
the order of only 4w ~ 0.24 mm (Table 3).

Further advantages of NMO for focusing are: (i) the useful flux den-
sity at the sample can be increased by a factor of four when compared
to a setup using a single Selene guide per dimension (see Fig. 15(c)),
due to the doubling of the divergence in each dimension, (ii) the design
of the beam line is more compact, (iii) reflection losses are reduced as
the number of reflections is halved and (iv) the alignment of an NMO
is as straightforward as for a single neutron guide element.

To address the question, which optical device might be the best
choice for neutron extraction and refocusing onto a target, important
parameters to consider are the sizes and shapes of the source and
the target, their mutual distance, and the available lateral space. As
discussed, NMO offer a more compact design regarding focal length
and mirror length for a given beam size at the target location, w.
Therefore, elliptic NMO seem well suited for neutron extraction and
transport, if dealing with a compact source of diameter < 10 mm and
a comparatively short distance between the source and target location
up to 20m.

However, if the source is compact and the distance between source
and target amounts to few tens of meters, a Selene type setup also
allows to image the whole source, possibly alleviating gravity effects,
due to shorter paths of unobstructed flight between reflections. In this
case, the required maximum divergence and the divergence hole, the
supermirror coated area and the feasibility of the mirror systems have
to be considered. Transporting the same total divergence, the reflecting
surfaces of the Selene guides are typically hit under larger incident
angles than the mirrors of a corresponding NMO. This leads to a trade-
off in the fabrication costs, where on the one hand an NMO requires a
larger coated area to transport the volume of phase space, while on the
other hand the required m-value is lower, reducing costs per coating,
and increasing the reflectivity.

If the extent of the source is large enough that illumination losses
are not an issue (compare discussion in 6.1), an ordinary neutron guide
may stay competitive, albeit only in terms of transferred flux. NMO
remain superior in preserving the phase space emitted by the source
as discussed in Appendix B. If the vertical and horizontal extent of the
source differ significantly, various types of optical systems might be
combined for two-dimensional focusing, e.g., using a ballistic neutron
guide for beam transport in one dimension, and a NMO for refocusing
a narrow source along the other dimension. A more detailed discussion
of various guide systems including simulations of specific examples
exceeds the scope of this paper and is part of future work.
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Fig. 16. Sketch of a lens system comprised of two parabolic NMO. The lower part of
the figure shows an equivalent lens system for visible light optics. The magnification
is given by M = f,/f;.

NMO may also offer an efficient means to focus neutron beams for
prompt gamma activation analysis (PGAA). Because the NMO can be
placed far away from the sample, neutron captures occurring in the
NMO can be shielded very efficiently, thus reducing background.

Combining two parabolic NMO with different focal lengths f; and
/> allows for a magnification of neutron beams, see Fig. 16. Neutron
lenses may be useful for imaging or microscopy with neutrons [24,44],
to overcome the limited spatial resolution of current setups, which is
on the order of 10 pum. The limitations are caused by the resolution of
the neutron-sensitive scintillator and the available flux at the sample
position [45].

To achieve a resolution of 10 pm with an assumed waviness of =
5 x 1073 rad for the parabolic mirrors requires ds; = 0.1 m (NMOy;, in
Table 3). In combination with the NMO,,,,,,, @ magnification M = 6
would be achieved. However, for an NMO as small as NMO,;..,, the
distance between the reflecting mirror surfaces becomes of the order of
din = 10 pm, i.e., much smaller than the typical thickness of Si wafers.
Hence, the NMO may have to be assembled from stacked wafers of
varying thicknesses, leading to prohibitively high manufacturing costs.

Ultimately, NMO lens systems following the prototype design are
most likely not useful for high-resolution neutron imaging. However,
they may still be useful for imaging at intermediate length scales, for
neutron scattering investigations of small samples exposed to extreme
conditions, such as high pressure and high magnetic fields, and for
adapting the beam size during neutron transport. Referring to the
transport system illustrated in Fig. 14(a) (f, = 6 m), a variation of the
second NMO’s focal length between 2m < f, < 6m, generates smaller
beam sizes between 1 cm and 3 cm at F, from a circular moderator with
diameter o, = 3cm at F;, (compare Fig. 17). Future technological
developments may provide clues on the feasibility of realizing NMO
with high performance for applications involving length scales on the
order of micrometers.

7. Conclusions and outlook

The reported experimental results, obtained with a small prototype
elliptic nested mirror optics (NMO) equipped with polarizing m = 4.1
supermirrors, have demonstrated a high figure of merit for imaging, as
defined by Eq. (4), of 72%. The demonstration of unblurred focusing of
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Fig. 17. Simulated intensity distributions at the target position, F,, of a neutron transport system as presented in Fig. 14 (detailed discussion in Appendix C). The focal length of
the first NMO is kept constant, f, = 6m, while the focal length of the second NMO, f,, is varied between 6 m and 2m. The magnification is given by M = f,/f,. The fraction of
neutrons arriving within the detector area at F, divided by the number of neutrons hitting the first NMO is given by I;. Red circles encompass intensity fractions I..q = 0.3.

sub-millimeter wide beams was limited only by the spatial resolution
of the detector, 2.5 mm. Future experiments will extend these studies to
larger elliptic and parabolic NMO, and make use of higher-resolution
detectors.

NMO are well-suited to the extraction of neutrons from a small
moderator. In the standard technique, which uses neutron guides,
illumination losses increase with the neutron wavelength and scale
inversely to the moderator size. NMO on the other hand, can, by
design, provide a high extraction efficiency, even for large wavelengths
and especially for small beam sizes. As such, their natural field of
application is in the development of delivery systems for the extraction
of cold neutrons from compact, high-brilliance sources, like the flat
para-hydrogen moderator at the ESS [32,33] or tube-like moderators
proposed for future accelerator-based neutron sources [46,47]. NMO
are a viable alternative to non-linearly tapered neutron guides and
Montel mirrors at such sources.

For neutron delivery to scattering instruments, NMO possess the
advantage that, in contrast to neutron guides, the phase space can
be precisely selected and matched to the requirements of individual
experiments. The imaging properties lead to a clean spatial definition
of the beam, avoiding the penumbra that occurs behind neutron guides.
The beam spectrum transmitted by an NMO is governed by geometry
and the choice of the supermirror m-values. The well-defined angles
of reflection in an NMO lead to a short-wavelength cut-off, whereas a
neutron guide transports faster neutrons, so that additional devices for
spectral cleaning are often needed. Flexibility in the choice of the beam
divergence by remote-control of apertures can be used to optimize
the signal-to-background ratio, e.g., when operating an instrument in
high-resolution or high intensity mode, or when matching the beam
to the acceptance of a sample environment. Since the apertures are
located far from the experiment, associated backgrounds are small.
This arrangement also leaves plenty of space for advanced sample
environments.

NMO are also simpler to install than neutron guides. Their neutron
extraction performance increases with NMO size and, hence, with
distance to the source (up to distances exceeding several tens of meters,
at which point neutron trajectories are appreciably curved by gravity).
Increased distance from the source carries the additional benefit that
irradiation damage to and activation of the optics are strongly reduced,
the latter of which also implies that NMO can be easily accessed
and exchanged to accommodate varying needs of beam lines. From
a technological point of view, the complexity of producing NMO is
comparable to the manufacture of neutron benders [38], which are
frequently used to place instruments out of the direct line-of-sight of
a neutron source.

NMO can be used in a variety of ways. Their complementary neu-
tron transport and imaging focusing capabilities not only enable the
configuration of entire beam lines for dedicated purposes, but are
especially suitable for satisfying instrument needs. Long beam lines,
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which transport neutrons over more than 100 m, as well as small optical
setups, e.g., for focusing existing beams onto tiny samples, are possible.

Owing to their superior large-wavelength extraction capability,
NMO will be an asset for future sources of very-cold neutrons (VCN), for
which new moderator materials are being studied (see, e.g., Ref. [48]).
Higher neutron intensities at larger wavelengths would, for differ-
ent classes of scattering instruments, lead to large gains of perfor-
mance [49]. Experiments in fundamental-physics, including in-beam
searches for a non-vanishing neutron electric dipole moment [50]
and searches for a baryon-number violation by neutron oscillations to
antineutrons or sterile neutrons [51], would also profit. NMO could be
employed in such dedicated, large-scale projects, but also in general-
purpose fundamental-physics beam lines, such as ANNI at the ESS [52],
or at in-beam sources of ultracold neutrons [53,54].
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Appendix A. Simulated NMO efficiencies for various mirror pa-
rameters

In this appendix we discuss simulations carried out in order to
study the influence of the substrate thickness dg,;, and the non-ideal
mirror reflectivity on the neutron transport efficiencies, O (as defined
in Section 4), in which the geometry of the NMO prototype and a
monochromatic beam spectrum were used. Although, on account of
their availability, only double-side coated mirrors were used in the
NMO prototype (see Section 3), simulations were performed with both
single-side and double-side coated mirrors for comparison.

Table A.4 summarizes the influence of dg,;, and w on the transport
efficiency. Two sets of calculations were performed using the data
shown in Fig. A.18: Q;yeq (value to the left vertical line in Table A.4),
which used an ideal reflectivity curve (green line), and Q,., (value to
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NMO efficiencies Q (w = 6 mm, w;,, =9 mm), simulated for various values of Si-substrate thickness, d,,, and beam width
w. The first and the second entry in each cell (Qjgeq|Qrea) Shows results obtained for perfectly reflecting mirrors and for a
realistic m = 4.1 reflectivity profile, respectively. Simulations were performed keeping the experimental geometry, including the
aperture A,. Except for vanishing substrate thickness, double-side coated mirrors were assumed. The bold column corresponds

to the entries in Table 1.

w (mm) dgp, =0 mm dgyp, = 0.15 mm dgy, = 0.30 mm
0.25 0.99]0.93 0.85|0.82 0.70]0.69
0.5 0.99]0.92 0.85/0.81 0.70[0.69
1 0.97]0.91 0.85/0.81 0.70[0.69
2 0.94]0.88 0.84]0.80 0.69]0.67
4 0.89/0.83 0.81]0.77 0.69|0.67
6 0.84/0.79 0.77]0.73 0.67]0.66
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Fig. A.18. Reflectivity curves, approximating a measured m = 4.1 polarizing supermir-
ror with edge reflectivity R, = 82% (red squares) and an ideal mirror (green line) with
R =10 for 0 <m < co.

the right), which used the measured reflectivity curve of an m = 4.1,
R, = 82% supermirror (red squares). From the data in Table A.4 it may
be seen that the relative drop (QOrea — Qideal)/Qideal & 5% stays well
below the 20% reduction of the edge reflectivity of the m = 4.1 super-
mirrors. This is to be expected for the small angles of reflection and
the selected monochromatic beam of MIRA with 4 = 4.9 A. The gradual
decrease in Q with increasing dg;, is a result of channeling and double
reflection (see Fig. 11), whereas the decrease in Q with increasing w
is due to increased geometric losses in transporting neutrons from an
extended source.

Next, we compare the efficiency of NMO whose mirrors consist of
silicon wafers coated with an m = 4.1, R, = 82% supermirror, either
on one or both sides. Double-side coatings are frequently employed
in multi-mirror bender devices. In contrast, one might expect that,
because neutron transport in NMO relies on single reflections, single-
side coatings would be a more appropriate choice than double-side
coatings. However, for imperfect reflectivity, double-side coated Si-
wafers may still increase NMO efficiency if the mirrors are sufficiently
thin. Consider the following argument; neutrons that leak through
the first coating into the substrate are very likely to be reflected by
the second coating at the back side. In order to contribute to “single
reflection” transport, such neutrons must be subsequently transmitted
through the first coating. Despite the low probability of such an event,
one might, nevertheless, expect a net gain in neutron transport.

With increasing dg;,, the front faces of the wafers are exposed to the
beam entering the NMO with an increasing filling fraction, ¢, such that
this gain is quickly exhausted by the channeling and double reflection
effects described in Fig. 11. For our prototype, where five 0.15 mm thick
mirror plates were illuminated through an 8 mm wide aperture, this
fraction amounted to ¢ = 9.4%.

Fig. A.19 presents the results of McStas simulations for the NMO
equipped with mirrors on both sides of the optical axis. Lacking the
aperture A,, but otherwise keeping the geometry of the experiment,
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Fig. A.19. Simulated transport efficiencies, Q, for various combinations of dg, and
w, for single-sided (filled squares, solid lines) and double-sided (empty circles, broken
lines) m = 4.1 supermirror coatings.

the simulated data also include the divergence hole. They qualitatively
show the dependences expected from the previous discussion. Notably,
across all w, one observes only a weak dependence on dg, for mir-
rors with single-side coatings. The substrate thickness, below which
a double-side coating provides a (for the chosen mirror reflectivity
marginal) gain, is found to increase with the beam width w. The ques-
tion of whether or not double-side coatings offer a sufficient advantage
over single-side coatings has to be addressed in each concrete NMO
design. It may be appropriate to use them in large NMO, where the
filling fraction ¢ can be kept small, or in the outer plates of NMO
intended to cover a large solid angle, which requires supermirrors with
atypically-large m and, correspondingly, reduced edge reflectivity.

Appendix B. Beam characteristics of NMO imaging

Here we present McStas simulations of a planar elliptic NMO imag-
ing neutrons from a source located at its first focal point F; to its
second focal point F,. Of primary interest is the beam quality at F, in
terms of the spatial homogeneity and the divergence. As the problem
of two-dimensional focusing can be separated into two independent
problems for two orthogonally oriented planar NMO, we restrict our
investigations to a single dimension.

The underlying geometry for this simulation is analogous to the one
discussed in Section 6.3. A rectangular source with height, 4, = 6 mm,
and width, w, = 300 mm, illuminates a symmetric, planar elliptic NMO
(f =20m, by =0.57m, I =2m, m = 4.1, Ry = 82%, dy,, = 0.5mm) with
a wavelength 1 = 4.02) A and a vertical divergence of 2a, = 3.25°.

Fig. B.20(a) shows the horizontally integrated distribution of the
intensity at F, as a function of the vertical position, y. The rectangular
volume of neutron beam phase space emitted by the source is very well
imaged by the NMO with only a slight smearing at the upper edge. For
m = 4.1, the overall efficiency of the imaging process equals 80% for a
large fraction of the emission area.

Besides reproducing the geometry of the incoming beam, NMO are
designed to preserve the beam divergence, thus conserving the volume
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Fig. B.20. Beam quality after transport by a planar elliptic NMO. Solid and broken lines
represent results from simulations with (m = 4.1, R, = 82%), and with ideal reflectivity,
respectively (see Fig. A.18). (a) Horizontally integrated intensity at F,, normalized to
the source. The rectangular distribution emitted by the source is well preserved by the
NMO, with a small smearing at the upper edge, due to gravity. (b) Normalized neutron
intensity at F,, as a function of the vertical divergence, a,, and the vertical position,
y. The red box indicates the volume of phase space emitted by the source. (c) Cuts
through (b) at various vertical offsets, y.

of phase space as emitted by the source. In order to show this property,
we investigated the intensity of the imaged neutron beam at F, as a
function of both, its vertical divergence, a,, and its vertical offset from
the optical axis, y. Fig. B.20(b) and (c) show this intensity, together
with cuts through the color plot at several y (matching colors in (b)
and (c)), all normalized to the source.

With the exception of the divergence hole at a, = 0° and effects
associated with gravity and the reflection from individual mirrors at
the very edges of the emission area, y = +3 mm, the volume of phase
space emitted by the source (red rectangle) is well preserved by the
NMO regarding both, its spatial extent and its divergence. The drop of
intensity towards the acceptance limits of divergence can be explained
by the reduced mirror reflectivity at larger angles of reflection. The
absence of such a drop for perfectly reflecting mirrors corroborates this
statement.

For comparison, we simulated a long elliptic guide installed at
the same source (2f = 40m, b, = 0.13m, / = 395m, m = 4.1,
R, = 82%). Note that the influence of gravity was not included in this
simulation. Figs. B.21(a), (b) and (c) show the horizontally integrated
intensity distribution at F,, the intensity distribution as a function of «,
and y and cuts through this color plot, respectively. The horizontally
integrated intensity, (a), shows a sharp peak of focused neutrons close
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Fig. B.21. Beam quality after transport by a long elliptic guide. Solid and broken lines
represent results from simulations with (m = 4.1, R, = 82%), and with ideal reflectivity,
respectively (see Fig. A.18). (a) Horizontally integrated intensity distribution at the
target position plotted against the vertical distance from the optical axis, y. (b)
Normalized intensity at F, as a function of «, and y. The red box indicates the volume
of phase space emitted by the source. (c¢) Cuts through (b) at various vertical offsets,
y. Note that gravity was neglected for this simulation and the shown range of «, is
doubled compared to B.20.
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Fig. C.22. Sketch of the simulated long-distance neutron transport system based on
two double-planar parabolic NMO connected by a long straight neutron guide. The
violet quadrilaterals indicate PSDs used as beam monitors in the simulations. They are
located at positions (a)-(e) and cover an area of 218 x218 mm?. The additional PSD (f)
with an area of 30 x 30mm? highlights the focused beam.

to the optical axis and a broad distribution of defocused neutrons away
from the optical axis (blue and green neutron paths in Fig. 1). The
contributions from focused (small y, large «,) and defocused (large y,
small «,) neutrons can also be distinguished in Fig. B.21(b), which
shows a strong distortion compared to the initial phase space (red
rectangle). Neutrons arriving at F, after two reflections (garland and
zig-zag reflections) further give rise to the satellite peaks at y = +1 mm
in (a) and the disconnected areas of intensity in (b).
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Fig. C.23. Simulated intensity distributions at the locations as labeled in Fig. C.22, including gravity. (a) Neutrons emitted from the circular moderator. (b) The homogeneously
illuminated entrance of the first double-planar parabolic NMO. (c) At the exit of the NMO, a texture results from neutrons reflected at individual mirrors. (d) At the end of
the guide, neutrons are found to be accumulated at the bottom, which is due to gravity. (e) and (f) The second NMO refocuses the neutrons. Red circles in (e) indicate areas
encompassing integrated intensities of I, = 0.31, and I, = 0.51,, respectively. About 25% of the neutrons leaving the moderator in the direction of the first NMO are recovered
within the area (f) of 30 x 30mm?. The fraction I, of neutrons arriving at the monitor (j) is shown in each corresponding plot. Intensities are normalized to the total intensity

leaving the moderator in the direction of the NMO, i.e., I, =1, = 1.

Compared to a long elliptic guide, NMO are a superior choice to
preserve and transport a small, specific volume of neutron phase space
from a source to a sample or instrument, thus significantly improving
the quality of neutron scattering experiments.

Appendix C. Long-distance neutron transport from a circular mod-
erator

Here we present McStas simulation results of a combination of
two double-planar parabolic NMO connected by a straight neutron
guide, using example parameters that are not optimized for any specific
purpose. The operational principle of such a system was described in
Section 6.3. The simulation geometry is sketched in Fig. C.22. A circular
moderator of diameter &,,,q = 30 mm illuminates the first NMO with an
angle- and wavelength-independent brilliance, ranging between 2 A and
8 A. Each double-planar NMO contains two subsystems, which act in
the horizontal and vertical directions, respectively. The low-divergence
beam produced by the first NMO enters a straight, m = 2 neutron guide
of length I, = 160 m possessing a square cross section with side lengths
of 218 mm. The second NMO system refocuses the beam. The focal
length is common to both NMO: f, = f, = 6m. The NMO are equipped
with m = 4.1 supermirrors, have a total length of 2/ = 1.2m, and
are designed to match to the cross section of the guide. The substrate
thickness is neglected in the simulations, i.e., dg, = 0.

Figs. C.23 and C.24 show simulated intensity distributions at the
positions of the beam monitors (see Fig. C.22), with and without
gravity, respectively. The texture in the intensity distribution at the
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beam monitor (c), after the first set of NMO, is due to the reflection
of neutrons from the individual mirrors of the NMO, and the central,
perpendicular stripes of lower intensity are a result of the divergence
hole. Since the first planar subsystem in the beam has vertical mirrors,
the horizontal stripe is more blurred than the vertical one. The gravity-
induced vertical gradient of neutron intensity at the end of the guide
(d) is particularly pronounced for a low-divergence beam, as shown
in complementary simulations. The texture visible in (c) has averaged
away along the guide. I, = 25% of the neutrons illuminating the first
NMO arrive within an area of 30 x 30mm? at F,. Gravity spreads the
intensity distribution of the polychromatic beam with its maximum
found marginally below y = 0 mm.

Fig. C.25 shows the fraction of those neutrons entering the first
NMO that finally arrive within a circle around the focal point of the sec-
ond NMO, plotted against the circle diameter . For instance, circles of
diameter = 10 mm and & = 30 mm encompass intensity fractions I, =
0.045 and I, = 0.23, respectively. Note, however, that the integrated
brilliance transfer, obtained according to its definition as the ratio of
the intensity fraction to the moderator intensity, B = I,/(%/%m0d)%
increases with decreasing o and reaches ~ 50% for a beam diameter
of several millimeters. Noting also that beam losses of approximately
30% due to finite supermirror reflectivity are already included in the
simulations, these findings show an excellent performance of neutron
transport to small targets. The results also show that the influence of
gravity on the performance of such a system, comprised of compact
NMO, is marginal.
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Fig. C.24. Intensity distributions obtained from simulations excluding gravity. A comparison with Fig. C.23 shows notably the absence of neutron accumulation in the lower part
of the long guide (d), as well as of the vertical asymmetry in (f), both effects being attributed to gravity. Only 10% of the neutrons are lost within the long guide, and the simulated
intensities with and without gravity are in good agreement. This confirms the validity of this NMO-based concept for neutron extraction and transport over large distances.
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Fig. C.25. Intensity fraction and integrated brilliance transfer B, as measured with a
circular monitor at F, with a diameter &. The intensity data shown in the inset is
the same as in Fig. C.23(f). For comparison, the corresponding, quadratically rising
intensity fractions at the moderator (a), with diameter 30mm, are shown in green.
Values of B shown in blue are larger than 40% for a target area of & < 10mm and
still 23% for @ = @,,,4 = 30mm. The colors of the circles match the colors of the data
points.
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