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Abstract. In many areas of soft and hard matter research science, the amount of material to investigate
is rather limited. Partly because the fabrication of larger samples is too expensive or not feasible, yet,
partly because the interesting features depend on the size. The aim of this work is to develop a neutron
reflectometer optimized for small samples and specular measurements. We present a new concept which is
based on state-of-the-art neutron optical elements and which allows studies of samples 100 times smaller
than with previous instrumentation. The concept is to use an elliptically focusing guide in the sample
plane, and a converging beam geometry in the scattering plane. The latter allows for the simultaneous
measurement of a wide angle-of-incidence range simultaneously. Here we report on the prototype setup
and first measurements, where we reached a reduction of counting time by one order of magnitude. If a
complete instrument is built based on the presented principle, another order of magnitude can be expected.

1 Introduction

Science and technology related to thin film hetero-
structures is a rapidly growing field. This reaches from
biological membranes and their manipulation, via func-
tional solid-state devices like magnetic recording media,
to the investigation of fundamental physical processes like
the interaction between magnetism and superconductiv-
ity. As the complexity of the films increases, their size is
shrinking caused by the sheer price of the constituents
(e.g., isotope-labeled exotic surface-active molecules), by
the limits given by the film growth methods and by the
technical applications, requiring uniform properties.

A widely used method to investigate the depth profiles
of layered materials is X-ray or neutron reflectometry. The
aim of this work is to present a neutron reflectometer opti-
mized for small samples (i.e., surface area of 1–100 mm2),
and for specular measurements, where the design includes
the flight path of the neutrons from the source to the
detector [1]. The key component is an elliptic-shaped re-
flector. Its similarity to the elliptic light-to-shadow border
on the moon gave the name for this concept: Selene is the
titan goddess of the moon.

Neutron reflectometry is an established method to
probe structural and magnetic depth profiles at surfaces.
Especially the high sensitivity to magnetic induction and
the possibility for isotope labeling make it a demanded
technique [2]. A well-collimated neutron beam of defined
wavelength λ is impinging on a surface at a grazing
angle θ. The beam is partially reflected and refracted
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according to the density contrast at the surface and inter-
faces below. This results in interferences and the intensity
of the specular reflected beam is thus a function of λ, θ,
the layer thicknesses and densities.

In conventional reflectometers a well-collimated beam
(defined by a distant slit and the sample size) hits the sur-
face at an angle θ, is reflected by 2θ and finally detected.
To scan the reflectivity R as a function of the momen-
tum transfer qz = 4π sin θ/λ, one can either vary θ or λ.
The upper sketch in Figure 1 shows the layout of a typi-
cal time-of-flight neutron reflectometer, together with the
scattering geometry at the sample. In this case λ is varied:
a chopper before the sample creates a short polychromatic
neutron pulse. The intensity reflected from the sample is
measured as a function of the time-of-flight of the neutrons
from the chopper to the detector, which is proportional
to λ. The resolution is determined by Δθ (selected by the
initial slit) and Δλ.

2 The concept

The measurement time in reflectometry scales with the
illuminated sample area. For small samples (i.e., surface
area below 1 cm2) this means counting times of up to
12 h for one set of external parameters (such as temper-
ature, fields and neutron spin state). It is thus too time
consuming to screen several samples or external parame-
ters like temperature or electric and magnetic fields at the
sample with sufficient resolution. To overcome this prob-
lem at least for specular reflectometry, several concepts
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(a)

(b)

Fig. 1. Sketch of the neutron reflectometer Amor at PSI in the scattering plane. The polychromatic continuous neutron beam
is delivered by a guide (from the left) and pulsed by a chopper. Figure (a) shows the normal time-of-flight operation mode with
the beam being defined by slits before the sample. The inset displays the scattering geometry at the sample: a highly collimated
beam is reflected off the surface. At one instant (i.e., wavelength) only one qz is probed. Figure (b) shows the Selene setup: the
divergent beam emerging from the first slit is focused onto the sample. At one instant a wide qz range is probed simultaneously.
θ is measured by the detector, and Δθ is given by its resolution. The maps on the right display the intensity over λ and θ,
collected in both cases. The difference in the illuminated area corresponds to the gain one can obtain with the convergent beam
geometry. (Black: diaphragms, absorber; blue: auxiliary lines; dark red: (coated) guide; light red to blue: neutron beam. The
vertical axis is stretched by 10.)

have been developed over recent years. Some of them use
a white continuous incident beam and perform an energy
analysis on the reflected beam [3–5]. Another approach is
to encode λ in θ in a broad, converging beam, focused onto
the sample by an elliptically shaped neutron guide [4,6].

We modified the latter approach [1] and adapted it to
time-of-flight instruments: the chopped beam with large
Δθ is focused onto the sample. The reflected divergent
beam is detected with a position-sensitive detector. The
convergent beam is realized by a reflector of elliptic shape,
which focuses the neutrons emerging from a small source
in its first focal point to the sample in the second. Assum-
ing a homogeneous intensity distribution vs. angle, the
flux on the sample is proportional to Δθ (limited by the
geometry and the reflectance of the reflector). The insets
and the intensity maps in Figure 1 illustrate this.

One could also think of moving the sample closer to the
(virtual) source to get the same divergence. That would
simplify the setup and give at least the same flux on the
sample. But there is a series of disadvantages: the full
divergent beam overilluminates the sample area and thus
leads to radiation and background problems. Polarization
and wavelength filtering become more complicated. And
in most cases the minimum distance to the source is of the
order of 10 m, so that a guide is needed anyway.

Instead of the suggested elliptic guide, it is possible to
use a parabolic-shaped one. In that case a parallel beam is
converted into a convergent one. Its incoming divergence
determines the spot size at the sample position. The defi-
nition of this spot then would require a collimator before
the parabola. Assuming perfectly reflecting surfaces, and
collimation without losses, both geometries give the same
flux on the sample.

Reflecting bent surfaces are used for a long time as
X-ray optics (e.g., Kirkpatrick-Baez [7] or Montel
optics [8]). These concepts have been adapted for
neutron optics, with a lower precision, but increased di-
mensions. Focusing elliptic neutron guides have been in-
vestigated and realized several times in the past [9–11] and
they are the subject of several new concepts for neutron
transport [12].

The focusing in the scattering plane intrinsic to this
approach predestines it for small samples. Additional fo-
cusing in the sample plane increases the flux on small sam-
ples further. The increased divergence in this direction has
a negligible effect on the in-plane reflectivity. The focus-
ing in both directions is performed by the same device, a
three-sided neutron guide with elliptical curvatures along
the flight direction of the neutrons. Its cross-section is of
rectangular shape.
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Fig. 2. Sketch of the elliptic guide with dimensions. The y
and z scales are stretched by a factor of 10 relative to the
x scale. Top: cut in the scattering plane (x-z-plane), bottom:
cut in the sample plane (x-y-plane). The half-axis parame-
ters are axz = 2000 mm, bxz = 50 mm and axy = 2025 mm,
bxy = 45 mm.

3 The prototype

As a first step a prototype of an elliptic reflector was built
and tested on Amor at SINQ, PSI. Amor is a versatile
neutron reflectometer which allows for a wide range of
setups [13]. The scattering plane is vertical so that liq-
uid surfaces can be measured. Most components are posi-
tioned on an optical bench which allows to test pioneering
setups like the prism approach by Cubitt [5] or the Selene
concept.

For the presented setup, the end of the neutron guide is
taken as a virtual source for cold neutrons (i.e., 2 Å < λ <
30 Å). The guide limits the divergence for 4 Å neutrons to
1.6◦ in the scattering plane. The initial aperture defining
the first focal point of the elliptic reflectometer is located
behind the chopper. A 2 m long elliptically shaped reflec-
tor is mounted on the optical bench, the sample is moved
to the second focal point. The reflected beam is detected
with a position-sensitive detector, whose spatial resolution
and distance to the sample determine the qz-resolution
(together with the λ-resolution). Amor is equipped
with a 3He wire detector with an active window size of
180 × 180 mm2. It has a spatial resolution of ≈2 mm.
To get the highest possible angular resolution for the re-
flected beam, the detector is positioned at the far end of
the optical bench. A sketch of this setup is shown in the
lower part of Figure 1.

The sample size in the scattering plane is given by
the projection of the sample length normal to the incom-
ing beam. This results in an effective height of less than
0.7 mm (θ < 4◦, sample length 10 mm). Initial aperture
and sample position define the foci of the elliptic shape
of the reflector. The spatial constraints on Amor lead to
a focus-to-focus distance of 4000 mm. The actual length
of the device is given by the maximum reflection angle
for short wavelengths (defined to be 4 Å, which is at the
flux maximum of the wavelength distribution at the in-
strument) and the divergence to be collected. Simulations
and analytical calculations resulted in an optimum reflec-
tor length of 2000 mm, where the distances from its ends
to both foci are 1000 mm. The complete reflector is coated

with a Ni/Ti supermirror (SM) of m = 5 (m measures the
critical angle of total external reflection of the SM relative
to that of Ni). A sketch of the guide geometry is shown
in Figure 2. The manufacturing of the glasses, the coating
and the assembly were done by a commercial company
(SwissNeutronics).

A knife-edge diaphragm (an absorbing blade forming
an adjustable gap with the surface) is installed in the cen-
ter of the elliptic guide to prevent the direct view, and to
allow for small divergences if needed (e.g., for the sample
alignment or for off-specular reflectometry).

The gain to be expected by the focusing in the scatter-
ing plane is illustrated in the right-hand side of Figure 1:
for the conventional setup, only a small area of the detec-
tor is illuminated, where the Selene setup covers a large
part of it.

A limitation for the Selene concept is that the off-
specular scattering from the sample leads to a non-flat
background, which might affect or even prohibit the ex-
traction of R(qz) from the measured intensity map. But
even in these cases it can be beneficial to use the Selene
setup to screen the influence of external parameters, such
as temperature, electric or magnetic fields or stress. The
signal can be seen as a fingerprint: its changing with the
external parameter marks a transition and tells us where
to look more carefully with a narrow incident beam.

4 Experiments

For the first tests of the Selene setup on Amor, the fol-
lowing samples were used: a 100 nm thick Ni film on a
glass substrate, a perovskite-type hetero-structure and a
m = 5 SM on silicon. The latter has a reflectivity of the
order of 1 up to qz = 0.11 Å−1 and was used for normal-
ization. The Ni films’ reflectivity is characterized by total
reflection up to qz = 0.022 Å−1, followed by beatings with
exponentially falling intensity. The beatings are caused by
the interference of the neutrons reflected at the air/Ni and
the Ni/glass interfaces.

The chopper consists of two disks, 490 mm apart, each
with two openings of 13.6◦. It is operated in a way as to
give Δλ/λ = 6% [14]. For these tests we used the low pulse
frequency of 25 Hz (corresponding to 750 rpm) to reduce
the overlap of subsequent pulses.

The diaphragm defining the pre-image had a height
of 1 mm. Even with this rather small aperture one had
to take care not to oversaturate the area detector, some
8 m away. This tells us that the bottleneck for a further
optimization will be the performance of the neutron
detector.

Figure 3 shows one measured intensity map and the
corresponding result of a McStas simulation [16]. The fan-
like pattern visible in the I(λ, θ) maps originates from the
mentioned intensity beatings, expected for the Ni film.
The lower map was calculated assuming a perfect guide
and optimum alignment. A comparison with the experi-
ment in the upper map indicates that these assumptions
have not been fulfilled. Introducing some misalignment
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Fig. 3. Intensity maps as a function of λ and θ for a
1000 Å Ni film on glass. The intensity is given on log10

scale, where the color spectrum runs from black (log10 I =
−3) to yellow (log10 I = 0). Map (a) is as measured and
(b) compares to the simulated one. To reproduce the measured
intensity distribution in the simulation, the guide segments had
to be tilted up to 0.02◦ relative to each other and shifted in
the μm range. Map (c) is also simulated, assuming a perfect
alignment.

in the simulation allowed one to reproduce the measure-
ments quite well (middle). The elliptic guide is assembled
from four segments of 500 mm length, each (see Fig. 1).
The regions close to the joints seem to have a shape devi-
ating from the ellipse. Thus, the neutrons reflected there
do not reach the sample. This is the origin of the promi-
nent dark stripes.

For the analysis, the I(λ, θ) map is converted to a
I(qz, θ) map pixel by pixel. That is every line with con-
stant θ is transformed into a R(qz) curve, where the SM
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Fig. 4. R(qz) of the multilayer Pr0.7Ca0.3MnO3 (70 Å)/
[LaAlO3 (30 Å)/Pr0.7Ca0.3MnO3 (70 Å)]5/NdGaO3 measured
with a conventional time-of-flight setup in 6.5 h (red), and us-
ing the focusing in the scattering plane in 45 min (blue). The
sample size is 4 × 5 mm2.

Fig. 5. Sketch to illustrate the effect of coma aberration. The
pre-image consists of two point sources, located at z = ±1. The
half-axis parameters used here are a = 2000, b = 50, the sketch
is stretched by 30 normal to the long axis. The take-off angle
α is encoded in the color of the beam. At the image position
a clear separation of the colors can be seen. High α results in
an almost parallel wide beam (green), while low α leads to a
beam focused to the second focal point (red).

measurements were used for normalization. Subsequently
all data points were merged into a new qz grid. This sum-
mation is problematic if the qz-resolution varies over the
summation area. In this case the measurements have to
be analyzed by comparison of the R(qz, θ) maps, rather
than using R(qz) curves.

The definition of a gain factor for the Selene setup
relative to the conventional one is not straightforward
because too many parameters (slits, distances, chopper
frequency, etc.) are varied. We chose to compare the mea-
surement times for a typical sample needed to obtain ap-
proximately the same resolution and statistics within the
same qz range. The instrument settings have been opti-
mized for the respective setup. For the conventional mode
that means twice the chopper speed, a shorter distance
(see Fig. 1a) and an initial slit of 2 mm instead of 1 mm.
Figure 4 shows R(qz) of a perovskite multilayer of
4 × 5 mm2 area obtained this way, in comparison with
the results of a conventional time-of-flight measurement
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initial slit = projected sample size
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Fig. 6. Sketch of a full instrument using focusing elliptic guides in the scattering plane. The yellow area represents the neutron
beam. At the position of the intermediate image a reflector allows for polarizing and adjusting the beam direction.

on the same sample. Both data were obtained with
one sample orientation, only. A complete measurement
includes up to four orientations. To be able to compare
both measurement schemes this way, a variation of Δq/q
from 6.1% to 6.7% over the θ range has been accepted
for the Selene-mode measurement (here Δλ/λ = 6% and
Δθdetector = 0.03◦). This results in the lower resolution
for small qz which can be seen as a not so sharp first
minimum. The difference in counting times to obtain
these quantitatively equivalent curves gives us a gain
factor of 7. For higher qz the gain will be less, since
there the incident beam is broader also in the conventional
setup.

With a reflector of higher geometrical fidelity a gain
factor of 10 could be reached on Amor. The main obstacle
on this instrument is the divergence of the neutron beam
reaching the initial slit. Example for λ = 4 Å, I(θ) has a
plateau for |θ| < 0.5◦ and drops to almost 0 for |θ| > 0.8◦.

5 Full instrument

A principal problem with using elliptic reflectors for fo-
cusing is the coma aberration, inherent to this approach.
Figure 5 displays this effect.

For typical elliptic reflectors and sample sizes, it turned
out that due to the coma aberration the virtual source
size has to be about three times the sample size. Then the
complete sample is illuminated with the same divergence.
As a consequence the beam spot at the sample is about
10 times the sample size, but the intensity drops fast out-
side the inner homogeneous region. One can estimate that
about 30% of the beam hits the sample, the rest leads to
illumination of the sample environment.

It is possible to correct for the coma aberration by di-
viding the reflector into two identical elliptic parts which
have one focal point in common (see Fig. 6): the blurred
intermediate image is converted back to a sharp image
at the sample position. With an adjustable initial slit it is
thus possible to just illuminate the sample with a homoge-
neous beam whose divergence is defined by the acceptance
of the elliptic reflector.

This setup with two reflectors replaces the straight
guide normally needed to bridge the distance (typically
10–40 m) between source and sample position. It allows

to manipulate (polarization, λ-filtering) the beam at the
position of the intermediate image where it is relatively
small.

In the scattering plane the instrument then has a lay-
out as sketched in Figure 6. As early as possible after the
source an initial aperture of the maximum size of the beam
spot at the sample is installed. That is about 1 × 10 mm2

instead of the usual guide cross-section of 2000–3000 mm2.
This means that two orders of magnitude less neutrons
enter the guide, and thus radiation problems are much re-
duced. This pre-image is mapped to a (blurred) interme-
diate image of about 3 × 30 mm2 by an elliptic reflector.
That can be manipulated by a small chopper, a monochro-
mator, a polarizer or the like. An identical second reflector
maps the manipulated intermediate image to the sample
position.

6 Conclusion

We proved with our setup that the Selene concept leads to
a time reduction for specular measurements of one order
of magnitude. This value can be increased by optimizing
the guide and using in-plane focusing. Both items are cur-
rently under development.

We will repeat the measurements also for more de-
manding samples and for higher qz ranges to check the
limits of the method. That is the influence of off-specular
scattering and the dynamic range is reachable.

With the presented data we fortify our recommenda-
tion to use this concept for new reflectometry beam lines:
it allows one to start with a tiny aperture, close to the cold
source and thus reduces radiation and shielding problems
by orders of magnitude. By using two elliptic guides in
series aberration can be avoided, and it is possible to ma-
nipulate the beam at the joining focal point, e.g., by a
polarizer or a chopper. With the aperture reducing the
divergence one has the full functionality of the conven-
tional time-of-flight or angle dispersive setups, allowing
for off-specular reflectometry.
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