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ARTICLE INFO ABSTRACT
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The NNBAR experiment for the European Spallation Source will search for free neutrons converting to
antineutrons with an expected sensitivity improvement of three orders of magnitude compared to the last
such search. This paper describes both the simulations of a key component for the experiment, the neutron
optical reflector and the expected gains in sensitivity.

1. Introduction

The Standard Model (SM) of particle physics has undergone numer-
ous high precision tests and is yet to be falsified outside of the neutrino
sector. However, it does not address a number of major open questions
in modern physics and physics beyond the SM is thus expected.

A topical open issue is the origin via a baryogenesis mechanism of
the observed asymmetric abundances of matter and antimatter in our
known universe. Sakharov pointed out that any baryogenesis process
must include Baryon Number Violation (BNV) [1]. A possible candidate
process of BNV is the transformation of a neutron to an antineutron [2].
Such a process violates baryon number (B) by |4B| = 2 and, when
using free neutrons, is a clean channel with which to look for BNV. The
process is featured in dedicated models of baryogenesis [3-5] and other
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theories beyond the SM such as supersymmetry [6,7] and extra dimen-
sions [8,9]. The neutron transformation may occur while free neutrons
are propagating to a detector, where the antineutron will annihilate in a
target and be detected via the multi-pion production signature. The last
search with free neutrons was done in the early 1990’s at the ILL and
set the current lower limit for free neutron-antineutron oscillation time:
7 > 0.86 x 1085 [10]. Experiments with free neutrons are not the only
option to search for neutron to antineutron oscillations. We would like
to mention that one proposes to utilize ultra cold neutrons (UCN) stored
in a bottle [11] and another one that suggests the use of a special guide
for reflecting the antineutron part of the wave function [12]. A yet new
search experiment with free neutrons, NNBAR [13], has been proposed
for the European Spallation Source (ESS) [14] in Lund. NNBAR aims at
an improvement in sensitivity of three orders of magnitude compared
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Fig. 1. Schematic overview of the NNBAR experiment (not in scale) with a focus on the reflector configuration used in the Monte-Carlo simulations. The moderator (source) to
detector distance is 200 m. The transversal dimension of the reflector is bounded by diameter of 4 m. The annihilation target is of radius 1 m. Vacuum tube and magnetic shielding

are not shown.
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Fig. 2. (left) Side by side schematic of standard ESS beam line extraction ports and the LBP that is about three times the size of the former. (right). Schematic of the liquid

deuterium moderator.

to the ILL search. The ESS, currently under construction, is designed
to be the most powerful neutron source in the world. The HighNESS
program [15,16] comprises the design of a liquid deuterium (LD)
moderator that would be used as a cold high-flux source for NNBAR.
HighNESS allows also the design of all components of the experiment
to be developed — neutron source, the neutron focusing and transport
and the NNBAR detector [17]. For this paper one particular aspect of
such a NNBAR experiment, namely the design of a neutron focusing and
transport system, has been studied. Details on other important areas
such as e.g. the detector and the moderator can be found in the recently
published overview article [18].

2. The NNBAR experiment

In Fig. 1a schematic diagram of the set-up of the planned NNBAR
experiment at the ESS is shown. Neutrons that are generated at the
spallation target are slowed in a moderator and traverse out of the
large beam port (LBP). The LBP is a special neutron extraction port
that covers three regular beam ports (see Fig. 2) and has been designed
specifically for the NNBAR experiment (see Section 2 of Ref. [18]).
To make use of the large solid angle accessible throughout the LBP,
a system of elliptical shaped neutron guides is placed in the region
behind the LBP’s exit to focus the neutrons in the direction of the
detector located upstream. After having passed the optics, neutrons
fly in a magnetically shielded region to the detector region at the
end of the beam-line. The moderator (source) to detector distance is
foreseen to be 200m. To reach the goal of a performance increase
of three orders of magnitude compared to the previous experiment,
the optimization of the whole NNBAR experiment is currently on-
going [18]. This paper describes the optimization of the neutron optics
system that will transport the neutron to the experimental area where a
detector able to reveal the signature of an antineutron annihilation will
be located. The detector system, comprising calorimetry and tracking
is being designed to observe the multi-pion final state arising from the
annihilation of the antineutron at the target foil [19].

The LD2 moderator. The main source of the NNBAR experiment will
be a cold moderator, to be placed below the spallation target, at the
location of maximum flux that will allow to reach a source of maximum
intensity. The material for this source is liquid deuterium at about
20 K temperature and the size of the moderator will be distinctively
larger, compared to the upper moderator of the ESS (See Section 3 of
Ref. [18]). It will deliver a high neutron intensity rather than a high
brightness. The expected peak heat load on the moderator is of around
O = 57kW. The cryogenic system of the moderator is technically
designed to cope with these loads [15]. The moderator is box-shaped,
with a large (24 cm high, 40 cm wide) opening on the side directed
to the NNBAR experiment (see Fig. 2). The length of the moderator
is 48cm. In the extraction window a large cold beryllium (Be) filter
block of depth 13cm is placed to increase the flux above 4A. The
size of the moderator and the extraction window including the filter
have been optimized to provide the best high intensity flux for the
sensitivity of the NNBAR experiment. As an optimization parameter for
the moderator design 4> was chosen to take into account that lower
wavelengths (i.e. longer flight times) contribute more to the figure of
merit (FOM) of a NNBAR experiment (for the definition see section
below).

3. The NNBAR focusing reflector

In order for NNBAR to exploit the neutron flux from LBP, a reflector
is needed to ensure that a large amount of the flux passing the LBP
aperture is directed and focused through the magnetically shielded
region onto the annihilation target. The large-aperture neutron reflector
plays a major role in the increase of sensitivity of the search. The
probability of a free n — 7 transformation is given by P,_; = (**)/72
where (r?) is an average square of the free flight time of neutrons in the
experiment and 7, is the characteristic time of n — 7 transformation
for free neutrons in a vacuum. The present limit on z,,, was set three
decades ago in the previously mentioned state-of-the-art experiment
made with a cold neutron beam at the ILL reactor (z,,, > 0.86 X
108 s) [10]. The figure of merit (FOM) for a free n — i search is given
by FOM = N -(t?), where N is the number of free neutrons arriving after
an average time-squared, (¢*), on the detector target. In our simulations
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d(nt?)/dQin rel. units

+ angle 6 within LBP opening aperture (degrees)

Fig. 3. The sensitivity N(#*) that can be provided by the dQ element of the super-mirror reflector with different m-values as a function of the ¢ location of d within the LBP
opening aperture. For a maximum LBP opening +5°, m = 6 reflection quality [20] is adequate for the NNBAR design goal. The total FOM figure should be obtained by integration

between minimum and maximum 6 angles covered by the actual reflectors.

we have the exact uninterrupted flight time #; and the weight (intensity
resp. neutrons/second) n; of each neutron arriving at the detector. The
FOM is then derived calculating Y, n; - tiz. To have a quantity that can
be easily compared with previous searches, the FOM is normalized
(as described in Ref. [13]) with the FOM of the above mentioned
experiment at the ILL that ran for one year, so that the FOM is given
as quantity of ILL units per year. A value of FOM = 1 corresponds to a
sensitivity equal to that achieved at the ILL. All FOM values provided
in this paper are expressed this way. For the sensitivity it is important
to note the following. At a distance, L, from the cold source to the
detector, with area, A, the fraction of neutrons collected by the detector
will be proportional to the seen solid angle: N ~ AQ = A/L?. For
neutrons with average velocity, v, the time-of-flight squared will be
(?) = L?/v%. Tt is therefore seen that the sensitivity does not depend
directly on L and an increase is also possible by providing a high flux
of slow neutrons with large (r%).

With the above discussion of sensitivity in mind, the concept of the
elliptical focusing reflector [21] can be used. Lambertian brightness
emission from cold neutron moderator surface can be intercepted by
a large open aperture and super-mirror reflector elements installed
within this aperture. This directs neutrons to the annihilation target
by a single reflection. An important performance parameter of super-
mirror reflectors is the m-value [20]. Given an aperture opening of +4°
degrees one can consider the small element of the mirror reflecting
surface located within d2 = dcosfdgp inside the LBP opening at
some distance z from the cold source and study the question of the
quality of super-mirror reflecting material that is needed to provide
the change of the neutron trajectory. This change allows neutrons from
the source to reach the annihilation target. In Fig. 3 such a calculation
for the baseline reflector (see Section 5.1 and Fig. 12) is depicted
for the configuration in an idealized situation with a point-like cold
source, z-axis symmetric reflection, and without taking effects caused
due to gravity and off-specular reflection into account. As an example: a
nested mirror layout, as described in the following section, that covers
an aperture opening of +4° degrees has gains in terms of FOM for
subsequently increased m-values as collected in Table 1. As expected
for an m-values larger than 6 no further gain is achieved.

3.1. Nested mirror optics

A possible architecture which transports neutrons diverging from a
source to a detector is an elliptical guide. The surfaces of such a device

Table 1
Gains in FOM that can be achieved by increasing the m-value of a nested mirror
reflector that covers an opening of +4°. After m > 6 no significant gain is attained.

m-value 1 15 2 3 4 5 6 7 8
Relative gain - 1.11 055 051 0.16 0.06 0.01 0.00 0.00
Absolute gain - 1.11 229 397 474 509 517 523 5.23

have the shape of an ellipse where, the focal points coincide with the
center of the source and the detector, respectively [22,23]. An ellipse
has the optical property that a beam that emanates from one of its focal
points is reflected directly to the other one. Since this feature does not
apply to rays starting not at the focal points, the ellipse is therefore a
non-imaging device. Nested layers of several guides are able to build
up a spatial tight optical component. If the outer layer of such a nested
elliptical guide is given, the inner layers can be designed in a recursive
manner such that the layers will not shadow themselves. In the diagram
shown in Fig. 4 the construction principle is shown. The finite size of
the optical layers is currently not taken into account.

Different nested layouts of the reflector that are symmetrical around
the z-axis are possible. These are (a) a mono planar, (b) a double planar,
and (c) a cylindrical system. In Fig. 5 three dimensional diagrams of the
different types are shown. In a double mono planar reflector, neutrons
would have to be reflected twice in order to be directed to the center of
the detector. For the cylindrical symmetrical case, only one reflection
is needed. The mono planar reflector comprises two separated devices
that are rotated by ninety degrees with respect to each other such
that one component acts as a horizontal and the other as a vertical
reflector. From an engineering perspective this configuration seems to
be particularly promising.

A difficulty of the nested reflector design is the thickness of the
glass substrate which is used for the construction of the stable high-
quality industrial super-mirrors. Recent developments of self-sustaining
substrate less super mirrors [24] offer an elegant possible solution to
this problem.

3.2. Magnification of an elliptical reflector
For any portion of a perfect (without accounting for gravity effects)

rotational ellipsoid surface, a point-like emission source in one focal
point is projected exactly to the image point in the other focal point.
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Fig. 4. Schematic of a nested elliptical guide. M and M’ are common focal points of the ellipses forming the layers (the dashed line shows one of them).
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Fig. 6. Off-Axis magnification of an elliptical reflector. With origin at the Source S in the left focal point, L distance between focal Points and to the detector D, z coordinate of
reflection along z-axis. 4y’ is the off axis height at the source and 4y is the height at the detector.

However, as is the case for any realistic optical system, if the source
point is displaced from the ellipsoid focus lateral to the optical z-axis
then the image point will similarly be laterally displaced with a magni-
fication factor. Fig. 6 summarizes this situation. The magnification M
for an off axis point of height Ay at left sided focal point is [25]:

Ay = 4y @

L-z )
With the origin in left focal point, L the distance between focal points
and z the coordinate of reflection along the z-axis. 4y’ is the height
at right side focal point. If, therefore, the reflection point Z,, is
10 m away from the source and the focal distance is L = 200 m, the
magnification factor will be ~ 20. For a detector of radius » = 1m
the most “efficient” emission area of the source will then fall within a
radius ~ +5 cm from the ellipsoid axis. This effect of magnification can
be studied in simulations; an example is given in Fig. 7. The positioning
of the reflector between source and detector has a general property
such that the nearer the moderator, the larger the covered solid angle
albeit with a deterioration of the focusing and vice versa. The optimum
position with regards to the FOM is a trade between these two effects.

Since the size of the source plays an important role in the capability
of the reflector to transport neutrons from it to the detector, the

M = 4y/ay =

properties and parameters of the focusing reflector are simultaneously
optimized with the design of the cold moderator in an iterative process.

4. Basic reflector setup and simulations

A dedicated simulation framework (described in detail here [26]),
including the design of the moderator, the neutron transport system
to the detector, the magnetic shielding for the field-free propagation
region and lastly the design of the detector that allows to observe an
annihilation signal, is part of the NNBAR program. In this paper the
focus is only on the simulation part for the optical reflector.

The principal setup for the reflector that is under study has been
already shown in Fig. 1. The optic is supposed to start at a minimum
distance of 10m from the moderator center and the detector is placed
200 m away from the center of the moderator. The flight time is mea-
sured from the point in time of the last interaction (reflection) with
the optic. The transversal dimension of the reflector is bounded by a
maximum assumed tube width and height of 4 m. Gravity is turned on
for all simulations.

To compare different geometries as well as the exact placement
of the reflector system, neutron ray-tracing simulations are performed
using McStas [27]. In McStas, the components that constitute an
instrument are described in a high-level language that is then compiled
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Fig. 7. Effect of magnification demonstrated for a 4-level nested elliptical reflector of 10 m length at varied starting positions. The neutrons arriving at 200 m weighed with their
uninterrupted flight time squared are shown. The orange circle marks the supposed position of the actual antineutron detector of radius 1 m. The magnification gets less the later
the reflector starts but the FOM is largest for the 15m plot. It varies as trade off between focusing and covered solid angle.
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Fig. 8. Simulation strategy.

into C—Code with which the Monte Carlo simulation is performed. An
extension to McStas called McStasScript! allows one to control Mc—
Stas via Python scripting (e.g. in JupyterLab”® a web-based interactive
python development environment). With McStasScript the whole
simulation can reside and be performed in a common environment.
The results can be readily accessed for post-processing such as FOM
calculations and plotting operations. The source term is realized as
an MCPL_input component [28]. It reads an MCPL-file [29], that
contains a long list of neutrons that have been obtained as output
from a dedicated MCNP [30] simulation of the moderator. In this input
file the neutrons have been already propagated to an area located at
2m from the center of the moderator (See Fig. 9). The divergence
of the neutrons is already limited to the solid angle accepted by the
LBP. This helps to increase the number of useful neutrons, reduces
the time of the individual runs and provides a good particle statis-
tics for the Monte-Carlo simulations. The geometry of the optics is
described in the plain text, object file format (OFF-File). This file is
generated automatically from a couple of input parameters by functions
written in Python. The OFF-file is then used as input to the McStas
component Guide_anyshape, to place and describe the reflector as
well as the LBP is modeled as an OFF-File, too and utilizes again the
Guide_anyshape component. Neutrons that hit the walls of the LBP

L https://mads-bertelsen.github.io/index.html.
2 https://jupyter.org.

Moderator with
exit window

Entry of LBP

Starting position of
particles in MCPL-file

Fig. 9. MCPL source of the simulation. The particles are emitted from the moderator
window, but already forward propagated to a distance of 2m, just before the entry of
the LBP.

are absorbed. A Monitor_nD component serves as detector where the
velocity and flight time of the neutrons are recorded. This virtual detec-
tor of the simulation is of size 10 m x 10 m and hence distinctively larger
then the real NNBAR detector. The output of this detector is a particle
list with position, velocity, flight time and weight (neutrons/second).
The FOM is calculated for the area of a circle with 1 m. The location
of maximum is found by varying the position of the center of the
circle. By running different instruments design with several different
geometries and adjustment of various reflector parameters (e.g. starting
position, length, etc.) a large number of such optics can be investigated
to find optimal parameters. In Fig. 8 the general sequence of a typical
simulation cycle is shown.

The reflectivity R of the supermirror is calculated in McStas by
applying an empirical formula derived from experimental data [28]:

if0<Q,
if 0> Q..

3

Ry
" {%RO(I —tanh [(Q =m0, ) /W]) (1 - a (0 - 0.))
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Fig. 10. Two typical reflectivity curves for a supermirror derived from Eq. (3).

Here R, is the low-angle reflectivity, Q, is the critical scattering vector,
a is the slope of reflectivity, W the width of the supermirror cut-off, and
QO (in 10\_1) the length of the scattering vector of the incoming neutron.
Non-specular reflection caused by e.g. surface roughness of the mirrors
is currently not taken into account. The default settings of McStas,
Ry = 099, 0, = 0.0219A", « = 34 and W = 0.003A ', resemble a
typical supermirror and are sufficient to model the reflectors for the
NNBAR simulations. In Fig. 10 two exemplary reflectivity curves for
m = 4 and m = 6 are shown. The used components support currently
only an overall reflectivity. So that the m value cannot vary across the
optical component. The simulations for this work have been done using
an m value of 6.

4.1. Construction of the nested optics

If the outer layer of a nested elliptical guide is given, the inner layers
can be constructed in a recursive manner. A sketch of the construction
is shown in Fig. 11 (y and z axis have been chosen in to comply with the
coordinate system used in McStas). The source S and the detector D are
located at the ellipses foci. b, are the minor half-axes of the nth nested
layers. The distance L between the two foci of the ellipse is related
to the focal distance by the simple relation f = L/2. The following
construction will be valid for start z; and end z, points that fulfill the
criteria:

—-f<z,<z,<f (€))

From the sketch (Fig. 11) it is seen that a straight lines from the source
position S to the end of the optics from an outer layer (index n) defines
the starting position of the next layer (index n + 1). From this, an
analytical expression for the minor half axes b, of each layer can be
calculated:

2_ 2 _ g2 2_ 52 _ g2y
by = R ")+\/(f ke )
2 4 n
with
ZS
K, = Z_yn—l (ze)’ ©

being obtained from the previous levels in recursive manner, where
Z, and Z, are the distances from focal point S to the start resp. end
of the optic (not to be confused with z; (z,) the coordinates of the
starting (end) point of the optic). They are related by z, = z, + f and

Z, = z,+ f. Given the parameters of the outermost ellipse (f = L/2, b,),
the start and the end of the optics (z,, z,) all parameters are known to
compute the small half-axis b, of the inner layers of the nested optics.
For all the nested optic variants of Fig. 5, functions to generate OFF-
files have been developed. For a non-point like source, as is the LD2
moderator, the elliptic mirrors will lead to a smearing and possible
screening effect of the nested layers (see Section 3.2). The method
presented here to calculate the nested levels is not taking these effects
into account. The size ratios of moderator and optical device justify this
approach. Nevertheless they do have to be considered when analyzing
and interpreting the simulations results.

5. Results
5.1. Baseline design and differential reflector

As a starting point for the simulations a so called “baseline” for
comparison purposes was defined. It consists of an cylindrically shaped
elliptical reflector of a single layer. It is further defined by the distance
of 200 m between the two foci and a small semi axis b of 2 m. The center
of the source (moderator) is located in one focus, while the center of
the detector is located in the other focal point. The reflector covers the
part of the ellipse that starts at 10m from the source and ends at a
distance of 50m and is therefore 40 m long. Different sizes of the cold
source moderator, the neutron emission spectra and the engineering
constraints of the NNBAR-experiment can be studied for this standard
baseline configuration. This baseline design scheme has, in addition,
been previously used for optimization of parameters and for compar-
ison of several NNBAR configurations in previous publications [2,13,
31].

A Mcstas simulation performed with this reflector with the hori-
zontal axis at the center of LBP gave a FOM = 333 with the moderator
parameters and spectrum shown in the previous section for ESS power
of 2 MW. The shape of the reflector and the focused beam distribution
at the annihilation target obtained in the simulation are depicted in
Fig. 12.

Since the center of lower moderator is ~ 20 cm below the axis of
the LBP (see Fig. 13), a reflector placed symmetrically relative to the
moderator may not use the full aperture provided by the LBP.

To cope with that issue the concept of a “differential reflector” was
proposed [31]. The reflector is positioned exactly in the middle of the
LBP but has a distorted ellipsoid shape (See Fig. 13). The constituting
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Fig. 11. Schematic of how the inner nested layers are constructed from the outer ones.
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Fig. 12. (left) 3D Visualization of the 40 m long baseline reflector (axis are not in scale). (right) Result of a McStas simulation with the baseline reflector for Target Power 2 MW.

The orange circle marks the detector area of 1 m radius. The FOM is 333.

NNBAR Large e
Beam Port T

Fig. 13. (left) Cross sectional view of the ESS target/moderator area and the inner shielding. In the figure it is shown the location of the ESS upper and lower moderator. The
NNBAR experiment will view both moderators. (right) Depiction of the differential reflector.

panels fulfill the solution of a coupled differential equation, to behave
on each position like an elliptical mirror and form a continuous surface.
This reflector focuses and bends the neutron beam by a few degrees in
the vertical direction at the same time. This will allow the preservation
of the FOM with the horizontal beam axis between the centers of the
cold source and the annihilation detector.

McStas simulations performed show the comparability of this lay-
out to the baseline design. With the “differential reflector” a FOM = 340

is achieved, which amounts to a small increase of around 1% compared
to the baseline.

5.2. Nested mirror layouts

The optimal parameters for the different possible geometries are
studied by performing various simulations and comparing the obtained
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starting point of the optic. (right) Increasing the number of nested levels.
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Fig. 15. Collected FOMs for different reflector geometries (target power 2MW and 5 MW, respectively).

FOMs. Two such scans for a 1 m long double planar nested reflector
are shown in Fig. 14. The scan for the z,,, parameter (the start of
the optic defined as distance from the moderator) shows an optimum
at about 17m. It should be noted that increasing the start-of-optics
distance, say from 10 m to 20 m would increase the face size of the
reflector by factor of 2. It demonstrates that the choice of the start-of-
optics parameter should be made together with optimization of other
parameters defining the sensitivity, including the overall cost. For the
number of nested levels, one observes a saturation after a certain point,
when adding further levels does not lead to a further increase of the
FOM.

For the simulations of the mono planar components the one with
mirrors in horizontal arrangement was always put in front of the one
with mirrors in vertical layout. The reason has to do with the magni-
fication. Since the moderator is in width 40cm and in height 24 cm it
is of advantage to have the vertical component with less magnification
farther away from the moderator. The shorter the components get the
less pronounced this effect becomes.

5.3. Collected results of the simulations

In the following Fig. 15 the results of the simulations for the various
reflector geometries are summarized. With the nested components
significantly higher FOMs than with the baseline or the differential
reflector can be achieved. The cylindrical components slightly outper-
form the planar ones. This is due to the fact that the in the former

only one reflection is necessary to each the target, while the later need
an additional one. In general gains of at least 20% over the baseline
reflector can be achieved.

The results of how the optimum starting locations z,., of the
reflectors change is shown in Fig. 16. The shorter the reflector the
about 17 m. With the length of the optics becoming shorter the optimal
starting location is shifted farther away from the moderator.

6. Conclusion

This paper presents the results of a systematic study of different
layouts of nested mirror optics for an NNBAR experiment. With these
optics in simulations FOM > 400 per year at 2 MW target power could
be achieved. At this target power and a foreseen run time of the
experiment of 2-3 years the goal of increasing the previous sensitivity
by 3 orders of magnitude might be within reach. An upgraded target
power of 5SMW would even let this goal to be reached in a running
time of about 1 year. It has to be mentioned that the above would hold
only in an ideal scenario. In future studies losses such as inaccuracies in
assembling the components, surface roughness and the finite extension
of the mirrors, have to be taken into account. This will lead to a
reduction of the FOM and an increase in the running time of the
experiment.

Both the reflector in its baseline configuration and the “differ-
ential reflector” will be large, mechanically complicated, logistically
difficult to assemble and install, and therefore expensive. The “nested
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reflectors” described in this paper seems to provide an even higher
FOM, are more compact and can be much shorter in length along the
beam axis. Although some difficulties in engineering them have to be
overcome, too, they might be easier to construct and may represent a
more economical solution for NNBAR. Most promising in this respect
is the mono planar configuration that consists of two separated nested
reflectors that act in horizontal resp. vertical direction. The sizes of
the reflectors that can be attained in a realistic setup will be looked
at in a next step as part of a Conceptual Design Report for the NNBAR
experiment.

Measurements with small scale prototypes (optical lengths about
10 cm) of this kind of reflectors (see [32]) have been recently performed
and showed the principal feasibility to actually build these type of
nested reflectors. These results are promising. The large size of the
reflector needed for NNBAR is still challenging, but a prototype of
intermediate size might be a way forward. For such prototypes the
efficiency of the neutron supermirror and especially the impact of non-
specular reflection on the performance of such optics have to be studied
as part of future experimental work.
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