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We present a nested Wolter-I mirror design for a neutron condenser, which is
based on established X-ray telescope technology. We demonstrate through
simulations that it can increase the flux density at the ESS imaging instrument
ODIN by up to two orders of magnitude. Experimental measurements of
reflectivity and figure errors on a prototype mirror element confirm the technical
feasibility of the approach. Then, we introduce design strategies for an imaging
objective to fully exploit the condenser specifications while achieving spatial
resolutions comparable to those of X-ray micro-computed tomography instru-
ments. Analytically, we show that for monochromatic beams suitable solutions
exist employing arrays of hundreds of identical objectives, realized either as
compound refractive lenses (CRLs) or Fresnel zone plates (FZPs). To mitigate
the inherent chromatic aberration of these optics, each individual objective
could be replaced by an achromatic FZP/CRL combination. Key optical prop-
erties of the resulting microscope are estimated. This novel full-field microscopy
concept for highly divergent, polychromatic neutron beams has the potential to
improve temporal and spatial resolution for large samples and sample envir-
onments and to enable the simultaneous acquisition of hundreds of projections
in neutron tomography.

1. Introduction

Neutron imaging is a widely expanding field (Lehmann, 2015;
Kardjilov et al., 2018; Treimer, 2019; Strobl & Lehmann, 2024).
The relatively low brilliance of neutron sources implies that
imaging experiments typically require the use of a polychro-
matic beam with a relatively large divergence; in particular
this is true for 3D and time-resolved studies. Historically,
bright-field imaging studies have relied on placing a 2D
detector downstream in close proximity to the sample. This
pinhole camera approach has been exploited for a large
variety of contrast mechanisms including attenuation contrast
(Kallmann, 1948; Strobl et al., 2009), phase contrast (Allman et
o al., 2000; Paganin et al., 2023; @Ostergaard et al., 2023), dark-
o field imaging (Pfeiffer et al., 2006; Strobl et al., 2008; Bacak et
al., 2020; Shen et al., 2025), diffraction contrast imaging
(Santisteban et al., 2001; Lehmann et al., 2014), grain mapping
(Peetermans et al., 2014; Cereser et al., 2017; Larsen et al.,
2025), and some versions of polarized neutron imaging for
visualizing magnetic field distributions (Kardjilov et al., 2008;
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Sales et al., 2018; Sales et al., 2019; Strobl et al., 2019), magnetic
domains (Manke et al., 2010; Hiroi et al., 2018; Jorba et al.,
2019) and electrical current distribution (Karimi ez al., 2025).

One basic limitation, however, is that the resolution dete-
riorates with larger distances between the sample and the
detector, unless one compromises on the divergence of the
incoming beam. This implies a trade-off between spatial
resolution and time resolution, and, in general, limits the
spatial resolution for extended objects and extended sample
auxiliaries as well as for modalities such as polarized imaging
where extended optics are required.

Inspired by imaging with light, X-rays and electrons, it is
natural in such cases to consider a neutron microscope
comprising a condenser optic upstream of the sample and an
objective lens between the sample and the detector. The
magnification intrinsic to most microscopes may also allow the
use of more efficient detectors. Alas, such an instrument is yet
to be realized.

In practice, several types of neutron optics have been
demonstrated. Refractive optics, such as compound refractive
lenses (CRLs), may provide high spatial resolution (Eskildsen
et al., 1998; Beguiristain et al., 2002; Cremer et al., 2005).
However, the numerical aperture (NA) is fundamentally
limited by the critical angle « = (28)"%, where § is the refractive
index decrement. The resulting NA at 4 A is at best 0.01 rad.
Likewise, diffractive optical elements, such as Fresnel zone
plates (FZPs), have been presented (Kearney et al., 1980;
Sacchetti et al., 2004; Veeraraj et al., 2025), but here the NA is
limited by the manufacturing process to a few mrad. In
contrast, the divergence accepted by the primary optics (in-
pile neutron guide) is typically of the order of a few degrees
(~0.03 rad), implying that refractive and diffractive optics
introduced downstream would only transmit a fraction of the
incoming beam. Moreover, both types of optics are chromatic.

As an alternative, it has been suggested that nested
concentric reflecting mirrors be used (Mildner & Gubareyv,
2011; Khaykovich et al., 2011; Liu et al., 2013), in either a
Wolter-1 geometry (a paraboloid followed by a hyperboloid
mirror) or a Wolter-II design (Abir et al, 2020) (a convex
paraboloid mirror followed by a concave hyperboloid mirror).
These types of optics are well matched to the large divergence
and size of the neutron beam and can be made achromatic
using supermirrors. Notably Hussey ef al. (2021) suggested
using such optics as both condenser and objective. The
potential increase in neutron flux is several orders of magni-
tude. However, the requirements for the shape errors of
mirrors are of the order 1 mrad for a condenser with a focal
length of 1 m, and a very demanding 1-10 prad for an objec-
tive of focal length of 1 m. The work of Hussey et al. (2021)
includes references to the state of the art.

In this paper we present progress towards realizing a
neutron microscope. The presentation will focus on a high-flux
reactor and spallation sources and more specifically on an
optic for full-field neutron imaging at the European Spallation
Source (ESS).

Initially, we present a design for a Wolter-I type condenser,
that mimics the design of an existing X-ray telescope. The

neutron condenser has a focal length of 1 m and comprises 28
shells with radii ranging from ~10 to 50 mm. To reflect
neutrons effectively over a broad wavelength range the indi-
vidual depth-graded mirrors comprise multilayer coatings of
Ni/Ti or NiC/Ti. We highlight the potential by showing full-
scale ray tracing simulations using the McStas program
(Willendrup & Lefmann, 2020; Willendrup & Lefmann, 2021)
for a test at the upcoming ODIN beamline at ESS (Strobl,
2015). Despite the fact that this prototype condenser is not
optimized for the beamline we find it may provide a flux
density gain of 100 times in a focal spot size of 4 x 2 mm.
Next, we present the results of feasibility tests for a single 60°
mirror element of this design.

The resulting condensed beam can only be used for pinhole-
type imaging of thin samples, as the divergence of the beam
incident on the sample has increased from 0.5° to 3.0°, and
consequently the depth of field has deteriorated. Moreover,
performing tomography with such a beam implies that each
projection is an average over a 3° rotation, which often is
unacceptable. A spot size of 4 x 2 mm is also, in general, too
big for scanning modalities. However, a highly intense
4 x 2 mm beam provides an adequate field of view (FOV) for
microscopy, provided a suitable objective lens can be realized.
As already mentioned, using a nested mirror design for the
objective is two to three orders of magnitude more demanding
in terms of shape errors. Instead, we propose a novel concept
for the objective design based on combining diffractive and
refractive optical elements. A spatial resolution of 2—-10 pm is
inherent to such optics; the challenge is how to make them
compatible with the large divergence in the condensed beam
and relevant for a broad energy band.

The solution suggested is a bank/array of objectives, each of
them being a neutron achromat. In the second part of the
paper, we review the state of the art of neutron CRL and FZP
technology and achromat design with the aim of combining a
converging FZP and a diverging CRL (Poulsen et al., 2014).
We describe the NA, FOV and bandwidth of banks of such
achromats. Finally, we discuss the technical feasibility and data
analysis for an instrument combining the condenser and the
objective bank. While we do not detail the potential science
case, one overriding ambition is to enable 3D neutron imaging
with the same spatial and angular resolution as state-of-the-art
X-ray micro-computed tomography (micro-CT), thereby
addressing the needs of a large community in materials
science.

2. Design and feasibility tests of Wolter-I type
condenser

We have chosen a design that is an adaptation of the tech-
nology in the NuSTARtelescope probing 3-79 keV X-rays
(Harrison et al., 2013). The slope errors for such telescopes can
be below 1 arcmin (Craig et al., 2011), which is sufficient for a
neutron condenser. The specific multilayer coating consists of
a depth-graded multilayer following a power-law function
(Christensen et al., 2011).
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2.1. Ray tracing

For ray tracing we have applied an idealized m = 3 super-
mirror model coating based on Ni and Ti layers. The selected
coating model does not include figure error but includes a
phenomenological model roughness for planar m = 3 mirrors,
derived from Swiss Neutronics experimental data (Jacobsen et
al., 2013).

The design is outlined in Fig. 1. A total of 28 concentric
conical layers are applied, all with a primary and secondary
mirror in a Wolter-1 geometry: the first is parabolic, the second
hyperbolic. The layers are all confocal. The thickness is set to
0.2 mm, contributing a significant loss that is taken into
account in the simulations. The radii vary from ~10 to 50 mm.
To achieve full coverage of this range, the mirrors have been
designed with variable length, such that the inner mirrors are
significantly longer than the outer ones. The nominal focal
length of the optics, as measured from the center line of the
optics, is 1 m. This set-up allows for 55 cm between the exit of
the optics and the pivot point of the sample goniometer. For
clarity of the geometrical parameters, all lengths and radii of
the two conical shapes are listed in Appendix A (Table 3).

The simulations were performed using McStas, specifically
targeting a potential test of the optics at ODIN: an upcoming
time-of-flight instrument with a peak wavelength at 37 A
(Andersen et al., 2020). For our simulations, a model of the
neutron beam transport from the design phase of ODIN
(Strobl, 2015; Schmakat et al., 2020) is used. The model
includes a set of straight neutron guide sections with rectan-
gular cross section and elliptical shape along the horizontal
and vertical planes. The final elliptical section ends with a
rectangular aperture of size 5 x 2.5 cm (W x H). The McStas
implementation follows the concepts developed in the AstroX
project (Knudsen et al., 2018), where the mirrors are consid-
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Figure 1

3D visualization of Wolter-I-optic-based condenser design. Lines have
been added as a guide to the eye and the mounting-spokes visible in the
simulation data have been omitted.

ered to have fully opaque back walls, i.e. there is no cross talk
between the mirrors.

Fig. 2(a) shows the wavelength spectrum at the exit pinhole
of the neutron guide. Gaussian fits to the divergence distri-
bution at this pinhole result in widths (FWHM) of 1.03° and
1.06° in the horizontal and vertical directions, respectively. For
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Figure 2

Results of McStas simulations of the Wolter-I type condenser for use at
the ODIN instrument. (a) Spectrum of ODIN with (purple) and without
(green) the frame-rate multiplication (FRM) chopper activated. (b) The
divergence of the beam just upstream of the condenser. (¢) Spatial
distribution of the beam just downstream of the condenser. (d) 2D
divergence distribution at the focal point. (¢) Horizontal and (f) vertical
divergence as a function of the position along the beam, z. (g) Spatial
distribution, measured at the focal point. (i) Gain factor of neutron flux as
a function of the distance from the nominal focal point. The first peak in
(i) corresponds to the focal point; the second peak stems from a
geometrical artifact caused by a single reflection on the Wolter-I optic. ()
The spatial distribution of the artificial beam spot at 0.6 m is corre-
spondingly diffuse.
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the existing design of ODIN, the best position of the optics will
be 10 m downstream of the pinhole. The dimensions of our
Wolter-I optics design accommodate this. Fig. 2(b) shows the
divergence of the beam at the entry of the condenser. We
determine the angular spread of this beam to be 0.50°. In Fig.
2(c) the intensity distribution just after the condenser is
shown; the spokes keeping the layers apart are clearly visible,
as well as the central ‘20 mm hole’ which is not mirrored (this
may be either blocked or used for a low-divergent modality in
parallel).

Fig. 2(d) shows the angular distribution at the focal point.
This is nearly uniform (except for the central hole and the
spokes) with an FWHM of ~3.0° (50 mrad). In the actual focal
spot at a distance of 1.15 m from the center of the condenser
[see Fig. 2(g)] the spot is rectangular with a size of ~4 x 2 mm.
For reference, Figs. 2(¢) and 2(f) show the horizontal and
vertical divergence, respectively, as function of the position
along the beam. The strong anisotropy is caused by the design
of the beam transport at ODIN. Finally in Fig. 2(i), the gain in
neutron flux in relation to the unfocused case is shown as
function of distance from the nominal focal point. The ‘focal
spot’ is seen to be elongated over 15 cm along the beam and to
exhibit a gain factor of 100 at the optimal distance. The
secondary peak around 0.6 m is an artifact of stray neutrons,
singly reflected through the optic. Fig. 2() shows the spatial
extent of this artificial beam spot at 0.6 m. It may be removed
by insertion of an aperture.

2.2. Feasibility tests

To assess the practical feasibility of this Wolter-1 type
condenser design, supermirror-coated, curved glass substrates
were fabricated at the company CHEXS. We formed thin glass
into 60° cylindrical segments with a curvature radius of 20 mm
and a length of 100 mm. The glass is coated with a 256-bilayer
NiC/Ti supermirror designed by CHEXS, utilizing DC
magnetron sputtering. This coating targets an m value of 3,

0.8 1
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Figure 3

Measured neutron reflectometry of curved NiC/Ti supermirror-coated
glass at three azimuthal positions, W.

corresponding to a minimum bilayer thickness of 9.6 nm. For a
complete shell in the Wolter-I optics design, six such segments
are required.

A supermirror segment was measured at the neutron
reflectometer AMOR at PSI. Specular neutron reflectivity was
recorded at three azimuthal positions (¢ = 0°, 15° and 25°),
with ¥ = 0° set at the center without distinction between the
two symmetric sides of the arc. The resulting data are shown in
Fig. 3. The measurements show that the mirror segment
achieved an m value of 2.5, which corresponds to a minimum
bilayer thickness of 11.2 nm. This coating parameter will be
further optimized in subsequent experiments. The reflectivity
at m = 2.5 was 0.30, 0.33 and 0.26, at ¥ = 0°, 15° and 25°,
respectively.

An uncoated substrate was X-ray CT scanned, and the
preliminary results indicate a figure error better than 1 arcmin.
Additional characterization measurements are currently being
performed on the coated substrates.

These results demonstrate that our first iteration of super-
mirror-coated curved glass substrates show promising perfor-
mance and support further development towards a Wolter-I
neutron condenser with performance comparable to that of
the McStas simulations.

3. Objective bank solutions for a monochromatic beam

In this section we survey the possibilities for designing a bank
(a 2D array) of either refractive or diffractive objectives
subject to the following conditions.

(i) A FOV of approximately 2 x 4 mm corresponding to
the spot size provided by the condenser described in Section 2.

(i1) An angular acceptance corresponding to the divergence
of the incident beam, that is 3° (0.052 rad).

(iii) A spatial resolution corresponding to state-of-the-art
micro-CT machines: in the range 2-10 um.

Another key design consideration is the focal length, which
determines the available space for sample environments. In
conjunction with the laboratory layout, particularly the sample
to detector distance, it also determines the achievable
magnification. Together with the detector characteristics, this
in turn sets the attainable spatial and temporal resolution.
With a view to existing neutron facilities, relevant design
ranges are focal lengths of 30-150 cm and magnifications in
the range of two to ten.

As both refractive and diffractive elements are chromatic
we shall in this section assume a monochromatic beam. To
facilitate the presentation, for both types of optics we initially
summarize key expressions for a single optical element.

3.1. Geometry of a single-neutron CRL objective

The properties of a single-neutron CRL objective can be
expressed analytically using geometrical optics. Following
Simons et al. (2017), the CRL is assumed to comprise N
identical lenslets, characterized by their radius of curvature at
the apex, R, and the distance between the centers of neigh-
boring lenslets, 7. The focal length for each lenslet is then

J. Appl. Cryst. (2026). 59, 12821293
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f=R/(28), while the physical aperture is 2Y = (RT)"*. The
focal length for the entire CRL (fcry) is

ferw, = f cot(Ng) = (T cot [(7{]%] M

Here ¢ = (T/f)"? is introduced.

Next, we consider an imaging system with d; and d, being
the distances from the object plane to the entry of the CRL,
and from the exit of the CRL to the image plane, respectively,
as illustrated in Fig. 4. For the (unsigned) magnification we
have

b e d, — fere
B cos(Np)d; — fere = cosNe) JerL . @

Closed expressions for NA and FOV are derived by Simons et
al. (2017). Following conventions in that work, CRL numbers
for FOV and NA numbers in this paper represent the FWHM.
Leemreize et al. (2019) argued that a neutron CRL typically
can be approximated by a transparent lens, where the
attenuation of the neutrons within the parabolic part is
neglected. For some optical properties, the CRL then simply
acts as a collimator with dimensions given by the physical
aperture 2Y and the length NT. The NA is in this case

NA = min |:2d—Ycos(N<p), 2(28)'? sin(ng):|. 3)
1

The first term reflects the limitation by the CRL as a colli-
mator and the second term its limitation in terms of refractive
power. The cosine factor in the first term originates in the fact
that the neutron trajectory within the CRL approximately is a
sinusoid with period 2w Ng. In the transparent lens case we
have the following expression for the FOV:

FOV = 2Y cos(N¢) ( % + 1) ) (4)

The maximum NA available is realized for N¢ = n/4. Then
equation (1) and equation (4) become

Sample
plane

> >
e 2
*
=
Figure 4

Illustration of the concept of a bank of objectives, where each objective is
a compound refractive lens. The optical axes (dashed lines) coincide in
the sample plane. Adapted from Leemreize et al. (2019).

Table 1

Optical properties of materials for neutron CRLs.

p is density, § the refractive index decrement and NA., = (28)”2 the
maximum NA. p is the linear attenuation coefficient for a single crystal that
exhibits no diffraction. The numbers are calculated for a wavelength of 4 A.

Material o (gem™>) 8 (107°) NA max (1073 w(m™)
C (diamond) 3.51 29.3 10.8 0.08
MgF, 3.15 71 5.02 0.44
T f
=2Y/(48%) = =, 5
fCRL /( ) 4(2)|/2N ( )
1/2 d, 1/2
FOV = (2)?Y| —+1) ~ 222y, (6)
fCRL

where the approximation is valid for large M.

The main technical limitation for CRLs is manufacturing
precision. The technology required can be similar to that used
for X-ray CRLs, where sub-micrometre resolution is standard
(Schroer & Lengeler, 2005; Cederstrém et al., 2005; Antipov et
al., 2016).

3.2. A CRL-based objective bank

Following Leemreize et al. (2019), we selected two materials
as prime candidate materials for scale up: diamond, due to its
superior specifications and prior use, and MgF,, which is easily
available and can be machined by milling machines. Moreover,
both are readily available as single crystals. This is important
as both materials exhibit a pure absorption cross section that is
two orders of magnitude smaller than the coherent scattering
cross section.

In Table 1, we provide key parameters for these materials.
The tabulated values are for cold neutrons, as these are rele-
vant for most of the applications presented. Writing the
refractive index n = 1 — §, the decrement § is positive for both
materials, similar to the case for X-rays but an order of
magnitude larger. We have § oc A%, where A is the neutron
wavelength.

It appears that the incident divergence provided by the
Wolter-I condenser is about five times larger than the
maximum NA for a C-based CRL objective, and about a factor
of ten times larger in the case of an MgF,-based CRL objec-
tive. Central to this work is the proposal to overcome this
hurdle by using a 2D bank of objectives, tilted such that the
optical axes of the various CRLs coincide at the origin of the
sample plane. This is illustrated in a cross section through the
optics in Fig. 4. (The bank of objectives will comprise elements
that are also out of the plane of view.)

There are four independent variables: N, R, T and d;, which
determine the four optical properties fcgrr, M, NA and d,.
Reversely, specitying the optical properties and/or the layout
of the laboratory (and thereby d,) defines a design of the CRL
and the working distance d;. We now discuss optimizing these
parameters to conform as closely as possible to the condenser
specifications.
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First we aim for the maximum achievable NA, tabulated in
Table 1, as this will reduce the number of CRLs in the bank.
Requiring FOV = 4 mm implies that 2Y = 4/2"2 mm. From
equation (5), it follows that the focal length fcgy is 130 mm for
diamond and 265 mm for MgF,. As an example for diamond
this is achievable by the design (N, R, T) = (59,1 mm, 2.8 mm),
which is technically feasible. Notably, the maximum NA
appears in the thick lens limit, here NT = 46 cm.

In terms of resources such a set-up would require
approximately 25 (diamond) or 100 (MgF,) individual CRLs
and an appropriate detector coverage. When relevant, the
intensities in the individual images may be superposed to form
one resulting 2D image of the 4 x 2 mm region of interest. For
tomography, each column of the array provides one projection
in the neutron tomogram.

Notably, a CRL objective bank has previously been
implemented for X-ray laboratory sources. This was done by
Opolka et al. (2021), who report on a multi-lens array full-field
X-ray microscope manufactured in Si by means of lithography.

An additional constraint applies to ensure that the partial
images provided by neighboring CRLs do not overlap on the
detector. The condition for a complete spatial and angular
sampling is

_NA@, +NT +d,)

M FOV

™

The optimal design of a CRL bank will depend on the
minimum focal length acceptable (in order to comply with
sample auxiliaries) and the maximum sample-to-detector
distance L = d; + NT + d, (as this will determine the magni-
fication). An example of nominal design parameters is fcry =
300 mm, FOV=4mm and L=5m. Coupled with NAs
approaching those listed in Table 1, the inequality in equa-
tion (7) is fulfilled for magnifications of five or less.

In conclusion, for monochromatic beam operation, this
objective bank is well suited for inclusion in a micro-CT
neutron microscope based on the Wolter-I condenser. The
available space around the sample — as defined by the focal
length — adheres to the design specifications stated at the
beginning of this section. It also matches the FOV, and the
magnification enables the combination of a micrometre-sized
spatial resolution with a magnification of 5 or more. Moreover,
the depth of field = y¢/NA (with y, being the spatial resolution
in the sample plane) will be hundreds of micrometres.

3.3. Geometry of a single FZP-based objective

An FZP is a diffractive optical element composed of
concentric rings with radially decreasing line widths. In the
following we consider a neutron phase FZP where the rings/
zones alternate between being phase-shifting and non-phase-
shifting (Kearney et al., 1980; Sacchetti et al., 2004; Altissimo et
al., 2004; Veeraraj et al., 2025). Phase FZPs have a higher
diffraction efficiency than amplitude FZPs and they also
suppress the zeroth-order diffraction beam, making them
better suited for imaging applications.

Table 2
Neutron optical parameters at a wavelength of 4 A for materials suitable
for manufacturing a neutron FZP.

The linear attenuation coefficients represent the powder case.

Material 5(107°) w(m™) AT, (um)
Nickel 24 260 8.34
Diamond 29.8 97.9 6.71
Silicon 5.28 13 37.8

An ideal phase FZP has a maximum diffraction efficiency of
40.5%, which can be achieved by choosing a zone thickness
AT, that induces a 7 phase shift in the incident radiation,

AT, = A/(26). (8)

For thermal and cold neutrons, with wavelengths ranging from
1 to 10A, the AT, required is typically of the order of
micrometres to a few tens of micrometres. The diffraction
efficiency can be significantly improved by using a blazed FZP,
in which the zone profiles consist of steps to approximate a
continuous phase ramp (Fabrizio et al., 1999; Mohacsi et al.,
2016).

The optical properties of the FZP are governed by the
outermost zone width, Ar. For thermal or cold neutrons the
focal length of a single FZP (frzp) will be much larger than the
diameter of the optic (D). In the paraxial approximation we
have

D Ar
A

f FZP — B (9)
D A

NA = =—.
e 2Ar

(10)

Because the FZP is a thin lens, the following relationships
apply in an imaging set-up:
1 1 1 d, L

fFZP dl d2

dy ML
' T M+ T M4
(11)

with L being the length of the imaging system (L = d; + d>).

The FOV of an FZP is discussed by Howells et al. (2017).
While aberrations exist for off-axis imaging, for e.g. 5keV
X-rays, these remain below 100 nm for objects with a size as
large as 10x the zone plate radius. From this we assume that
such distortions will not have a noticeable impact on the
resolution in neutron microscopy.

From equations (8), (9) and (10), the critical performance
parameter of the FZP is the aspect ratio (AR) of the outer-
most zone, AR = AT,/Ar. Table 2 provides a list of materials
that can be considered for the fabrication of neutron FZPs and
key optical parameters. We have § o« A. In Fig. 5, as an
example, we show the manufacturing requirements with
respect to AR for these three materials and for relevant
settings of D, A and L.

It can be seen from Fig. 5 that, to effectively match the
incident divergence from the condenser, the FZP would
require very high aspect ratio nanostructures, which are
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Figure 5

Manufacturing specifications for a single FZP objective in terms of
outermost zone width Ar as a function of magnification for three mate-
rials. The corresponding NA is shown. Moreover the required ARs of the
outermost zone for three materials for maximum efficiency are shown.
The example relates to a fixed diameter D = 4 mm, wavelength A =4 A
and an experimental laboratory allowing L = 8 m.

technically challenging to fabricate. Strategies to improve and
develop these ARs are presented by Chang & Sakdinawat
(2014), Mohacsi et al. (2016) and De Andrade et al. (2021).
However, an FZP with Ar around 40 nm roughly matches the
NA,.x of a diamond CRL, and would still have five times
smaller NA than the incoming divergence from the condenser
described in Section 2.

3.4. A bank of FZP objectives

In analogy to the CRL case discussed above, we analyze
how to mitigate the mismatch between the NA of the FZP and
the incident divergence of the condensed beam by employing
a bank of FZPs. The considerations in relation to avoiding
overlap of partial images, cf. equation (7), apply here as well.

A solution based on the fabrication of FZPs in a regular
grid with a pitch corresponding to the diameter D, on a single
substrate, is illustrated in Fig. 6. Such a design can be manu-
factured using existing lithography techniques. This approach
provides a compact, easy-to-install solution, and can be readily
integrated into most existing instruments. To prevent overlap
between the images produced by individual FZPs, the FOV
should be limited to the diameter of the FZP. With an NA of
0.002 (for Ar=100nm) the number of individual FZPs
required to match the full divergence is larger than for the
corresponding CRL case, approaching 600. While this target is
demanding, we believe that the technical feasibility is
primarily determined by that of an isolated FZP.

It appears that the aberrations due to off-axis imaging will
become worse for the outermost FZPs in the grid with the
design shown in Fig. 6. As mentioned, we estimate that the
aberration will still be tolerable, but this needs verification. To
avoid off-axis aberrations, and ensure complete spatial and
angular sampling, we consider fabrication of the bank of FZPs
on a curved substrate with a radius of curvature of d;.
Patterning an array of FZPs on a curved substrate has been
demonstrated for visible-light applications (Moghimi et al.,
2015; Low et al., 2022). One concern for neutrons is that the

Detector

Beam from
condenssr
L4

Figure 6
Illustration of the concept of a bank of objectives, where each objective is
an FZP. The optical axes are parellel in the case shown.

high-aspect-ratio nanostructures when tilted on a curved
substrate at some point will start to violate the scalar
diffraction approximation (Ali & Jacobsen, 2020).

In conclusion, for monochromatic neutron beam operation,
this type of objective bank is well suited for inclusion in a
micro-CT neutron microscope based on the Wolter-I
condenser. The available space around the sample, as defined
by the focal length, complies with the design range. It also
matches the FOV and the magnification enables the combi-
nation of a micrometre-size spatial resolution with a magni-
fication of five or more. In comparison with the CRL bank, the
FZP solution on a flat surface is more elegant and technically
easier to scale up. Simulations are required to learn if the off-
axis aberrations are acceptable; if not, research and develop-
ment is required in FZP technology on curved surfaces.

4. An objective bank for large energy bandwidth
imaging

CRLs and FZPs are both chromatic-type optics. When chan-
ging the neutron energy the focal length and the magnification
change. Superposing the signals from different energies leads
to variations in focal length and in magnification known as
longitudinal and lateral (also known as transverse) chromatic
aberration, respectively. The former blur manifests itself in a
constant blur across the FOV while the latter blur increases
with the distance to the optical axis. In the thin-lens limit we
have (with magnification unsigned)

Ad, = (1+ M)’ Af (longitudinal blur), (12)
M
Alye = rde[m fAf (transverse blur). (13)

Here Arge is the shift on the detector expressed in terms of
the distance r4. to the optical axis. (The different functional
dependence of focal length f on energy implies that the FZP
exhibits only half the blur of the CRL.)

This chromatic aberration is clearly a critical issue for high-
spatial-resolution imaging work, as it reduces the available
flux by several orders of magnitude. In visible-light optics, a
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combination of optics with different dispersion powers is used
to enable larger-bandwidth imaging. Similar optics have been
introduced for X-rays: Skinner (2001) and Wang ez al. (2003)
proposed achromats comprising a positive diffractive lens
adjacent to a negative refractive lens. In the thin-lens limit, the
focal length of the combined optics (fychr) is independent of
energy to second order provided that fcgry = —2fgzp. The
resulting focal length is then f,cn = 2frzp. This is illustrated in
Fig. 7(a). Likewise Skinner (2004) and Chapman & Bajt (2021)
discuss apochromats, where the two optical elements are
separated by a distance d. By suitable tuning the combined
‘focal length’, f,,, becomes independent of energy to third
order.

The latter paper distinguishes two types of apochromats,
referred to as type I and type II. In type I the refractive lens is
upstream of the diffractive lens, illustrated in Fig. 7(b), and in
type II the diffractive lens is followed by the refractive lens
[Fig. 7(c)]. Key optical parameters, such as the distance from

Achromat

(@)

Figure 7

Sketch of the principle of a neutron achromat (a) and neutron apo-
chromats of type I (b) and II (c¢) in a focusing geometry. Red and blue
lines indicate rays with energies that are 10% different. Relationships
between key optical distances are indicated (see main text). Adapted
from Sanli et al. (2023) under a CC4 license (https://creativecommons.org/
licenses/by/4.0/).

the exit of the combined optics to the focal point are
summarized in the figure. Notably the entire optic becomes
significantly longer than for the apochromat solutions and the
FOV may also be impacted. The paper also extends the theory
to thick lenses.

Type-I achromats and apochromats were both experimen-
tally demonstrated with X-rays by Kubec ef al. (2022) and
Sanli ez al. (2023). These optics were fabricated using electron
beam lithography, electroplating and two-photon poly-
merization-induced lithography. High-resolution scanning
transmission X-ray microscopy imaging has been demon-
strated using both these lenses over a wide bandwidth range,
demonstrating the suitability of this class of optics for
broadband high-resolution imaging.

Poulsen et al. (2014) proposed to create broadband neutron
optics in a similar way by combining a converging FZP and a
diverging CRL. In this section we first summarize these results.
Then we explore the concept of a bank of neutron achromats.

4.1. A neutron achromat or apochromat

Poulsen et al. (2014) determined the optical properties of an
achromat and a type II apochromat using ray transfer matrix
analysis. In that article, the CRL is approximated by two
parameters: the thin-lens focal length and the thickness NT.
By differentiating the combined focal length with respect to
energy, analytical expressions for the thick-lens case are
derived for the parameters for achromatic focusing (focal
lengths, distance d etc.).

Next this analysis is repeated for an imaging set-up.
Notably, the parameters now depend on magnification. To
illustrate this the relation between fcry and fgzp for the
achromat is

. fere NT2M =5 (14)
) 6 M—-1"
- ICRL — Achromat
1t---FZP 2_g.8 _— Apochromat
° 1 (]
": o
0.8 i
L
I/ N
o 0.6 I
i o
0.4 [
i
¥
0.2 () ,.: ':‘ o S
0 memasz22f | Mo
-0.2 -01 0 0.1 0.2
A x/xo

Figure 8

Chromatic aberration of a neutron achromat (red symbols) and a type 11
apochromat (blue). Shown is the variation in intensity in the image as a
function of neutron wavelength. Full lines represent results from ray
transfer matrix analysis, and circles are results from Fourier optics
simulations. For comparison the dispersion of an FZP (dashed green line)
and a CRL optic (dashed black line) are also shown. The data originate
from Poulsen et al. (2014).
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which in the thin-lens limit corresponds to the expression in
Fig. 7(a).

The paper proceeds with detailed simulations of a A = 6 A
set-up with a fixed 5 mm-diameter FZP, a focal length of 1 m
and a magnification of three. An example of the results is
reproduced in Fig. 8. The energy bandwidth, as defined by the
FWHM, is 12% and 31% in the two cases. This work also
documented that the efficiencies of the achromat/apochromat
were almost as good as the FZP on its own (37 % efficiency for
both achromat and apochromat). This entire work was further
substantiated with Fourier optics simulations, validating the
geometrical optics work.

In order to minimize the wavelength-dependent distortion
due to gravitation, a neutron prism (wedge) could be used as
both these effects grow proportionally to A* (see Hammouda
& Mildner, 2007). For an implementation at a time-of-flight-
based imaging instrument such as ODIN, the gravitational
effects may also be corrected for during the data analysis.

4.2. A bank of neutron achromats or apochromats

Based on the results of Sections 3 and 4.1 we can now
discuss the prospect of an objective comprising a bank of
neutron achromats or apochromats.

(i) Spatial and angular coverage. FZPs and CRLs can be
made to match in terms of NA, FOV and focal lengths. The
achromat and apochromat solutions can provide a full
coverage of the angular range defined by the divergence of the
condensed beam. The small angular gaps in the coverage
between the individual units correspond to finite angular step
sizes, which is not an issue for the reconstruction algorithm.
The FOV of each unit will be governed by the CRL and will
match the specified 4 x 4 mm. If possible, to avoid cross talk
between units the incident beam should be confined to
4 x 4 mm by a slit.

(ii) Efficiency and energy band. As mentioned the CRLs
will effectively be transparent lenses, implying that the effi-
ciency is governed by the zone plates. Theoretically the overall
efficiency can be better than 30%. The theoretical bandwidths
for achromats and apochromats are displayed in Fig. 8.

(iii) Spatial resolution. The diffraction limit and known
aberrations in the FZP are all below 2 pm. This specification is
also easily achievable in terms of vibration control and
temperature stability. Hence, the limitation on spatial resolu-
tion will be precision in manufacturing and assembly.
Assuming a flat surface design is used, the key performance
parameter for the FZP is the AR of the outermost zone (see
Fig. 5). The divergent CRL is the inverse of the design shown
in Fig. 4; it can be realized e.g. by free standing but identical
parabolic-shaped balls made of diamond or MgF,. These balls
are then organized in space by means of mechanical guides.
The design is beyond the scope of this article, but we assume
that a manufacturing accuracy of a few micrometres is within
reach.

(iv) Detector technology. The long focal lengths of the
achromat/apochromats implies that the magnification will be
below 10 at existing beamlines. A CMOS camera coupled to a

scintillator screen is well adapted to this case in terms of pixel
size. The neutron microscope will require a massive coverage
by detectors, defined by say 400 simultaneous projections each
aiming at resolving a 1000 x 1000 area. Adapting the focal
lengths for the individual projections all data may be acquired
on one large planar detector with say 1 gigapixels. X-ray
imaging scintillator-based cameras with 150-600 megapixels
and 1-4 um pixel size are now in routine use (Kameshima &
Hatsui, 2022; Gellert & et al., 2025). A similar technological
development within neutron imaging detectors can be
expected in the coming years.

As an alternative, one may aim to increase the magnifica-
tion such that single-neutron-counting detectors with larger
pixel sizes become viable. This will improve the signal-to-noise
ratio.

(iv) Choice of broadband optics. The three alternative set-
ups illustrated in Fig. 7 have different merits. The achromat
solution is superior in relation to neutron magnification: see
the discussion on detectors above. The apochromats provide a
broader energy bandwidth.

5. Discussion

Full-scale simulation of the neutron transport and image
formation in the microscope are needed for validating
performance and for detailed optimization. This is beyond the
scope of this article. We have conceptualized the method,
listed the perceived key limitations and provided a discussion
of the feasibility.

5.1. Condenser

The Wolter-I optic design considered here for the neutron
condenser was optimized for telescopes, i.e. for an extremely
low divergent beam. An elliptic-hyperbolic combination of
Wolter optics would be better suited for divergent beams (Liu
et al., 2012). Moreover, specifically in relation to ODIN, it is
obvious that a better match can be made between the exit of
the neutron guide and the dimensions of the optic, e.g. by
replacing the elliptical part by a straight section. The rationale
for the choice of model system made in Section 2.1 is that all
parameters are copied from an existing instrument. This gives
confidence in the conclusion that a gain in neutron flux of up
to a factor 100 is feasible.

We emphasize that the neutron condenser is relevant
without the objective. When applied in front of a pinhole-
camera-type instrument, it enables increasing the beam
divergence homogeneously and thus achieving a larger FOV
despite a relatively low incoming divergence, as found typi-
cally in neutron imaging instruments at the end of a neutron
guide. It can be used as a means of efficient pinhole-to-pinhole
beam transport, for efficient scanning-type mapping experi-
ments, for high-resolution measurements of thin samples
being basically in contact with the detector, for medium-
resolution high-intensity imaging and for high-resolution
neutron capture imaging.
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5.2. Objective

In terms of alternatives to the proposed optics, we empha-
size that reflective optics being achromatic are ideal. However,
also for reflective optics a multiplexed objective design may be
relevant to improve angular resolution. We note that a full-
field X-ray microscope based on Kirkpatrick—-Baez mirror
optics has shown sub-micrometre resolution over a broad
energy range (Matsuyama et al., 2019). However, such solu-
tions require the use of a thick substrate and we are not
familiar with solutions that allow multiplexing such optics.

An alternative solution to overcoming the issue of achro-
maticity is to exploit the fact that neutrons have finite velo-
cities and change configuration of the objective during the
duration of the pulse. This is discussed by Poulsen et al. (2014).

Finally, we emphasize that the objective bank is relevant
without the condenser and in fact may be used for SANS
imaging with a highly collimated incident beam. In this case
the specifications for NA can be relaxed in order to increase
the O range.

5.3. Data analysis

The high divergence of the beam on the sample implies that
the depth of focus will often be smaller than the thickness of
the sample. This implies that the classical cone-beam geometry
ansatz in tomography does not apply. Moreover, some of the
projections provided by the objective bank will be out-of-
plane by up to 1.5°. Hence, tomographic reconstruction will
require a new algorithm; this however is straightforward using
a linear algebraic approach and an optimization based on the
resemblance of experimental data and simulated data from a
forward model of a digital sample (Hansen er al, 2021).
A priori information about the sample structure may be
included, e.g. by adding a regularizing term.

The Crowther criterion states that to provide a 3D tomo-
graphic reconstruction of an object of diameter D with a
spatial resolution of Ax, the angular step size Aw during a
180° rotation must fulfill

Ao < —— ~ ——, (15)

where N3 . is the number of voxels in the reconstructed
volume. In the achromat solution presented in Section 4,
projections are acquired with an angular width given by the
NA of the FZP. Notably 4 mrad corresponds to Nyoxe = 500,
which is well matched to many science cases. In contrast, if
projections implied integration over the full divergence of 3°,
Nyoxel = 35, which is often too small. For this reason we argue
that the multiplexed objective at times may be favorable even
if it becomes technically feasible to make a nested mirror-type
objective.

The fact that the beam is focused within the sample also
opens up opportunities for other types of scans including
depth scanning and local tomography.

Table 3
Geometry of primary and secondary conical shells in the condenser
design visualized in Fig. 1.

Lengthl 71, in 1, out Lengch 72, in 72, out
Conic (mm) (mm) (mm) (mm) (mm) (m)
1 459.2 12.1 10.9 459.2 10.9 7.1
2 405.3 13.6 12.3 405.2 12.3 8.6
3 362.6 15.0 13.8 362.6 13.8 10.0
4 328.1 16.5 152 328.1 152 11.5
N 299.6 17.9 16.7 299.6 16.7 12.9
6 275.7 19.4 18.1 2757 18.1 14.4
7 2553 20.8 19.6 255.2 19.6 15.8
8 237.7 223 21.0 2377 21.0 17.3
9 222.4 23.7 22.5 222.3 22.5 18.7
10 208.9 252 23.9 208.9 239 20.2
11 197.0 26.6 254 196.9 254 21.6
12 186.3 28.1 26.8 186.3 26.8 23.1
13 176.8 29.5 28.3 176.7 283 24.5
14 168.2 31.0 29.7 168.1 29.7 26.0
15 160.4 324 312 160.3 312 274
16 153.2 339 32,6 153.2 32.6 28.9
17 146.7 353 34.1 146.7 34.1 30.3
18 140.7 36.8 355 140.7 355 31.8
19 135.2 382 37.0 135.2 37.0 332
20 130.1 39.7 384 130.1 384 34.7
21 125.4 41.1 39.9 125.4 39.9 36.1
22 121.0 42.6 413 121.0 413 37.6
23 116.9 44.0 42.8 116.9 42.8 39.0
24 113.1 455 442 113.0 442 40.5
25 109.5 46.9 45.7 109.4 45.7 419
26 106.1 48.4 471 106.1 471 434
27 103.0 49.8 48.6 102.9 48.6 44.8
28 100.0 512 50.0 99.9 50.0 46.3

6. Conclusion

The large divergence and large source size inherent to neutron
sources has been a major limitation in the development of full-
field neutron microscopy. In order to fulfill the simultaneous
requirements for spatial resolution, working distance, effi-
ciency and broad-band operation, we have presented a design
involving a combination of a nested supermirror condenser
and an objective bank comprising neutron achromats. We
argue that this solution is valid in terms of the principles of
optics and we have discussed challenges and solutions for
implementation. For tomography a key advantage is that
hundreds of projections are acquired simultaneously with an
angular integration that matches reconstructions of 5007
voxels. The optics concepts are also valid for diffraction-based
imaging.

APPENDIX A
Appendix A

The geometry of primary and secondary conical shells is
presented in Table 3.
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