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Featured Application: Scattering contributions in a grazing incidence small-angle neutron scat-
tering experiment come not only from the evanescent wave, but may also come from small-angle
scattering of the transmitted beam. Simulations can be used to quantify this contribution. Opti-
mization of the sample cell may reduce an additional background scattering from the cell.

Abstract: Grazing incidence small-angle neutron scattering (GISANS) provides access to interfacial
properties, e.g., in soft matter on polymers adsorbed at a solid substrate. Simulations in the frame
of the distorted wave Born approximation using the BornAgain software allow to understand and
quantify the scattering pattern above and below the sample horizon, in reflection and transmission,
respectively. The small-angle scattering from the interfacial layer, visible around the transmitted
beam, which might contribute also on the side of the reflected beam, can be understood in this
way and be included into the analysis. Background reduction by optimized sample cell design is
supported by simulations, paving the way for an optimized GISANS cell.

Keywords: neutron scattering; simulation; GISANS; BornAgain Software; grazing incidence scattering

1. Introduction

In the field of soft matter, interface coatings and interface layers consisting of polymers,
polymer microgels, brushes or lipid bilayers are very promising in context of practical
application in medicine, smart coatings or switching devices [1–4]. However, investigation
and characterisation of the interfaces, especially those buried in the sample, are very chal-
lenging and can be done by very limited numbers of experimental techniques. Neutron
reflectometry allows to study the scattering length density with sub-nanometer resolution
in normal direction to the interface [5], while the grazing incidence geometry gives access
to the in-plane direction, i.e. to the lateral correlations within the interfacial layers. Grazing
incidence small-angle neutron scattering (GISANS) allows a unique access to the interfa-
cial regions, e.g., solid-liquid or liquid-liquid interfaces. Additional information can be
obtained by combining grazing incidence neutron scattering and contrast variation via
H2O/D2O mixing, which has been used e.g., in studies of phospholipid bilayers or diblock
copolymers [6–8].

Very recently Jaksch and co-authors gave an overview of the field of grazing incidence
scattering (GIS) for in-situ and operando investigations in soft matter and biophysics [9].
While GISANS is established at most neutron sources as a technique that gives access to
the internal lateral structure of soft matter system at the solid or water/oil interface [9–16],
grazing incidence neutron spin echo spectroscopy (GINSES) is a rather novel extension of
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GISANS which allows to study the dynamics of thin polymer films, microemulsions, phos-
pholipid membranes, etc. under similar conditions at the solid/liquid interface [7,17–20].

All these investigations have in common that only a small amount of material con-
tributes to the scattering signal. Therefore for the most precise measurements in this field,
background optimisation is of high importance in the experiment [21]. Significant care has
to be taken to avoid unnecessary background contributions and to provide a sample envi-
ronment with long time stability for long experimental times. Such improve of experiments
can be done by combining new ways of simulation of the results and according adaption
of the experimental conditions [22]. In this case, simulations of the scattering experiments
may help (i) to understand the different scattering contributions to the measured signal
and (ii) to interpret the experimental data.

In the first part of this paper, we present an example where GISANS experiments
together with simulations help to understand the scattering signal and background contri-
butions on the side of reflection and transmission of the GISANS cell. Since scattering under
grazing incidence is treated within the distorted wave Born approximation (DWBA) [23],
simulations were performed with BornAgain being a modern and easy-to-use open-source
software package suitable for simulating GISANS scattering (and also the equivalent x-ray
scattering GISAXS) within the DWBA [24,25]. In the second part, we propose a simple
version of sample cell for GISANS experiment aiming decrease the background scattering
from the cell parts. In both parts, the SANS contribution to the GISANS signal is discussed.

2. Materials and Methods
2.1. Samples of Interest

PEG-microgels based on the monomer 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA),
the comonomer poly(ethylene glycol) methyl ether methacrylate (OEGMA) and the cross-
linker ethylene glycol dimethacrylate (EGDMA) were synthesized by precipitation polymeriza-
tion. The microgels were deposited on the solid surface by spincoating an aqueous suspensions
with a microgel content of 5 wt% onto the pure silicon block. The microgels of the form
p(MEO2MA-co-OEGMA) were one of our test systems we investigated in the first part of
the report. Further details can be found in Ref. [11].

PNIPAM-microgels based on the monomer N-isopropylacrylamide (NIPAM) and
the cross-linker N,N’-methylenebisacrylamide (BIS) were synthesised via surfactant-free
precipitation polymerisation, with a cross-linker content of 0.5 mol%. Microgels were
deposited onto the PEI-coated silicon blocks via spin coating for 150 s with 500 rpm from
aqueous microgel dispersion. Further details can be found in Ref. [13]. PNIPAM microgels
were used in the test of the new self-developed cell.

2.2. Principles of Grazing Incidence Scattering

A description of grazing incidence scattering and the distorted wave Born approxima-
tion (DWBA) can be found in the literature, e.g., in Refs. [9,23,26]. Here we just mention
briefly the main characteristics of a soft matter GISANS experiment.

Typically, soft samples undergo structural changes when adsorbing to a solid substrate.
For example, spherical microgel particles can be distorted and compressed when adsorbed
at an interface [13]. Studying such soft matter systems consisting of polymer layers of the
order of 100 nm is a challenging task due to the essentially very small scattering volume.
Nevertheless, neutron reflectometry and scattering under grazing incidence allows us to
obtain valuable information on the scattering length density normal to the surface as well
as on lateral (in-plane) correlations at the interface, which correspond to thermal density
fluctuations or spacial arrangements with a characteristic length scale [27].

GISANS scattering is normally treated in the DWBA, which takes into account multiple
scattering processes at the interface [25,27,28]. According to Ref. [29] the diffuse scattered
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intensity (that accompanies the specular reflection) coming from lateral scattering length
density fluctuations with intensity:

I(q) ∼ 〈[FDWBA(q)]2〉S(q), (1)

where the term FDWBA(q) is a DWBA form factor accounting for different scattering scenar-
ios with multiple scattering events as described e.g., in Ref. [23].

GISANS is therefore predestined for studying the lateral inhomogeneities. In the case
of soft matter samples, lateral structuring is rather blurred and lacking clear Bragg peaks
or Bragg sheets, therefore a more detailed modelling of the experiment is needed.

In grazing incidence small-angle scattering (GISAS) experiment incident radiation
impinges at a shallow incident angle αi (<1◦) and the scattered intensity is detected with a
position sensitive detector as a function of scattering (α f ) and out-of-plane (ψ) angles (see
Figure 1). The sample surface is the (x, y)-plane with the incident neutron beam coming
along the x-axis, and the scattering plane where the detector is located is the (y, z)-plane [30].

Figure 1. Scheme of grazing incidence scattering experiment. Red dashed and black solid arrows
represent incoming and scattered beam, while green solid arrows corresponds to the diffuse scattering.
αi, α f , ψ – incidence, scattering and out-of-plane angle, respectively.

At α f = αi specular reflection occurs. The interesting part however for GISANS is the
off-specular or diffuse scattering, where α f 6= αi [31].

A characteristic part of the detector image in a GISANS experiment is the so-called
Yoneda peak [32], which appears at α f = αc, with the critical angle of total reflection,
αc. The cut through the 2D detector pattern at the position of the Yoneda peak provides
information on correlations in the lateral density distribution, for example the average
inter-particle distance, the size and the shape of the nanostructures in the near surface
region [26,33]. When αi > αc, the beam is partly reflected and partly refracted, the thin film
is then fully illuminated.

If the incidence angle at which the neutron beam hits the sample surface is smaller
than the critical angle of total reflection, αi < αc, the beam is totally reflected and a specular
reflection appears on the detector. However, inside the medium an evanescent intensity
distribution with the signature of a propagating wave in z-direction parallel to the surface
is induced. This “evanescent wave” arises as a real part of the solution of the Schrödinger
equation at αi < αc (a mathematical description of the evanescent wave nature can be
found elsewhere [34–36]).

The evanescent wave (EW) probes the sample only to a short distance from the probed
interface (up to 100 nm) [16]. The intensity of the EW drops exponentially with the distance.

In this work, we used the software BornAgain [25] to mimic a GISANS experiment
as close as possible with its 2D detector image for a given incident angle. The sample, in
this case microgel particles adsorbed at the silicon interface, was modelled as core-shell
truncated spheres with pre-knowledge from neutron reflectometry and AFM measure-
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ments [24]. The scattering signal was then obtained on small-angle neutron scattering
instruments in grazing incidence geometry.

2.3. Grazing Incidence Small-Angle Scattering Experiment

GISANS experiments were performed on KWS-1 [37,38] and KWS-2 [39,40] small-
angle neutron scattering instruments operated by Jülich Centre for Neutron Science at
Maier-Leibnitz Zentrum (Garching, Germany).

Measurements on KWS-1 were performed at a sample-to-detector distance of 20 m
using an unpolarised, monochromatic incident beam with a neutron wavelength of 5 Å
(∆λ/λ = 10%) under an angle of incidence (αi) of 0.2◦. Experiments on KWS-2 were con-
ducted at sample-to-detector distances of 4 m with a neutron wavelength of 5 Å (∆λ/λ = 20%)
and under an angle of incidence (αi) of 0.7◦. This angle slightly above the critical angle was
chosen to probe the structure of the entire layer of microgel particles.

In GISANS experiments samples were mounted in cells developed for grazing inci-
dence geometry: PEG microgels in aluminium cell [41] and PNIPAM microgels in self-made
quartz cell. Both cells were filled with D2O providing high scattering contrast to the poly-
mers and low incoherent scattering.

3. Results and Discussion
3.1. Transmission Contribution to GIS Pattern

GISANS experiments together with the corresponding simulations with BornAgain
were performed on samples of PEG-microgels adsorbed at a silicon interface and are
presented in Figure 2. The same GISANS data have been presented in Ref. [11], with a
preliminary evaluation of the line cuts which did not cover all details of the experimental
data. The angle of incidence αi = 0.7◦ at a wavelength of 5 Å slightly above the critical
angle of total reflection has been chosen to strongly illuminate the microgels.

Figure 2. Experimental (a) and simulated with BornAgain (b) 2D grazing incidence small-angle
neutron scattering (GISANS) scattering pattern of adsorbed p(MEO2MA-co-OEGMA) microgels.
White dashed lines in (a,b) correspond to the cuts depicted in (c,d). In (c,d) the perpendicular (along
qx) and the parallel (along qy) to the sample surface cuts are presented, dots and solid lines in (c,d)
correspond to experimental and simulated data, respectively. Grey masks in (a–c) is beam-stop that
blocks direct beam. The red dashed line in (c) represents the sample horizon.

The analysis of 2D GISANS detector images is mainly focused on the part containing
the totally reflected beam above the sample horizon, whereas the part below the sample
horizon, where the transmitted beam and small angle scattering still reaches the detector,
is often ignored. A first analysis of the experiments on PEG-microgels at the interface was
done in this way (as presented in Ref. [11]).
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If the incident angle αi was slightly above the critical angle of total reflection (αc) as in
case of PEG-microgels, transmission scattering (TS) occurred in addition to the specular
and diffusive signal. Therefore, in the following analysis of the scattering 2D pattern, it
was recognized that the transmitted scattering may in particular also have extended into
the detector half of the GIS signal, contributing to the diffuse scattering as a background.

The transmission signal was reconstructed with BornAgain by applying the PEG-
microgel model [26], and included into the GIS simulation. The scattering below the
sample horizon in the TS part corresponded to the scattering of a transmission experiment
at the surface layer with a slightly inclined beam. Thus, the incident angle αi was set to
90◦ for the transmission scattering simulation. A direct calculation in grazing incidence
geometry would be more appropriate, but is at the moment not yet implemented in the
BornAgain software. Accounting for the SANS signal in this way well explained in our case
the scattering contributions of the GISANS pattern and seemed to be adequate in this case.
It should be noted, that such a sample rotation in virtual experiment is possible in case of
an isotropic system in the probed length-scale. If structural anisotropy at the considered
length scale comes into play, care has to be taken concerning details of the transmission
scattering pattern.

In contrast to the highly collimated and monochromatic beam of grazing incidence
small angle X-ray scattering experiments, GISANS experiments normally use a neutron
beam with a much broader width and a wavelength distribution of 10–20% in order to
obtain enough intensity. This leads to some peculiarities, which should not be overlooked
during the data treatment and simulations.

The influence of the beam divergence on the scattering volume of the sample and
on the footprint of the beam on the detector is depicted in Figure 3. The difference in
scattering volume of areas 1 and 2 corresponded to the different scattering intensity on the
2D scattering pattern in the regions AB and BC. Angles are expanded in Figure 3 compared
to a real experiment.

Figure 3. Schematic illustration of the transmission in grazing incidence geometry: difference in the
footprints of the upper- and lower- beam parts due to the beam divergence.

The difference in the intensity distribution in area AB and BC (Figure 3) was taken
into account in the following way. A matrix of the 2D scattering signal was multiplied
with a vector, which provided more intense scattering in the upper part of the TS pattern
(intensity ratio of 2.5:1 was taken, which depended on the scattering geometry and beam
size). Simulating the lower transmission part is also a means of judging possible scattering
contribution from the environment and the sample cell. If a simulated GIS pattern differs
from the experimental observation additional contributions to the background should
be considered.

Figure 2 shows the experimental and the simulated 2D GISANS signal including the
contribution of the transmitted scattering in the direct beam direction [26]. The simulated
2D pattern as well as line cuts at qy = 0 (along qz) and at αc (parallel to the sample surface)
were in good agreement with the experimental data. There are still some remaining
differences in the diffuse scattering at the borders of the upper detector part (Figure 2a,b),
which might be attributed to the instrumental effects not included into the BornAgain
simulation, or sample effects such as the particle size distribution, which were also not part
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of the simulation. The chosen beam parameters allowed an estimation of lateral correlation
length, while resolution in the direction normal to the surface led to some crossing over
of specular and Yoneda peak. Here it should also be noted that reproduction of profile
of direct beam, such as simulation of the beam collimation, angular divergence etc., is a
difficult task and is not too relevant in this case. We focus more on regions of large q, and
diffuse scattering fluctuations, while the beam profile could have a stronger influence on
low-q scattering or Bragg-peaks. This is still to be improved for future investigation of
larger real space distances.

3.2. Test of Self-Made Cell with Reduced Background

With the previous observation that the background coming from the small-angle
scattering of the sample might play a role and that also the side of the transmitted beam
might influence a proper data evaluation, a new GISANS cell design with minimized
material around the sample was tested. PNIPAM microgels adsorbed on Si-block were
used as a test sample.

Figure 4 shows a photograph of the self-made quartz cell (a), its components (b) and
the principal beam path for reflection and transmission. Basically, a quartz glass back-
plate was placed on a frame with boron containing glass for neutron absorption, both
were directly glued together with the Si-block which contained at its surface the sample
(PNIPAM-microgel particles). Small gaps on one side with syringe needles allowed us to
fill the cell with water. The borated glass was used to reduce possible scattering by the
glue at the interface between the glass layers. What is the optimum condition and material
in this respect has to be studied in more detail in the future. D2O was used to increase
scattering contrast to the PNIPAM microgels and avoid high incoherent contribution as
could be in case of H2O.

Figure 4. Cell design with minimum amount of auxiliary material. (a) shows a photograph of the cell,
the assembly is presented in (b). The beam path for reflected and transmitted beam is shown in (c).

This cell design with its minimum surrounding opens the new possibility of measuring
the dynamics of polymer systems in grazing incidence geometry by means of grazing
incidence neutron spin echo spectroscopy (GINSES). Due to the instrumental setup of
neutron spin echo spectrometer and very limited area for the in- and out-path for the beam
usually used in an aluminium cell, currently GINSES can only be measured off-specular in
qz direction at qy=0. With proposed cell design it would be possible to rotate the sample
cell for a scan in the direction of qy, giving access to lateral dynamics along the interface.

The first GISANS experiment with the proposed cell is presented in Figure 5. The
left side of the detector image contained the part with the reflected beam and the GISANS
scattering. On the right side of the detector (within green frame) the transmitted beam was
visible. The line cut along the qz direction at qy = 0 is presented on the right side of Figure 5.
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Figure 5. Left: Detector image of microgels at interfaces with the new cell: the GISANS part (left
side of the detector) and the SANS part around the transmitted beam (within green frame). Right:
Line cuts of the detector images along qz at qy = 0 (black line), compared to the data measured
with Al cell (red line). A significantly reduced background signal is obtained. The radially averaged
SANS intensity of the right side of the detector is shown as blue squares with a fit with an Ornstein–
Zernike contribution.

The line cuts of the data obtained with our cell with minimal material (black line)
were compared to that of the often used design with aluminum front- and back-plates with
water channels for thermalization (red line). On the transmission side, additionally the
radially averaged SANS intensity of this side of the detector is presented (blue dots) with a
fit of the data (cyan) with an Ornstein–Zernike model for thermal fluctuations [13,42].

A significantly reduced background could be achieved with the proposed new design,
which was necessary for the low-intensity GISANS experiments with biological or soft
matter systems and allowed us to focus only on the scattering of the desired parts of
the sample.

The self-made cell had the advantage that only a minimum amount of cell material
was required, with the disadvantage that the temperature control was not possible with
such a cell in the usual way done with Al cell and had to be provided by other means. For
example, a thermalized air jet in the sample area, as it is used also for other “conventional”
experiments, e.g., in Ref. [43] for the thermal control of an in-situ DLS setup.

4. Conclusions

The low intensity of typical samples in GISANS experiments in the field of soft
matter and biology requires thorough experimental planning, data reduction and data
interpretation. On the experimental side, the sample cell is a crucial part of the experiment.
It has been shown that not only the side of the detector containing the reflected beam
and the GISANS data, but also the backside with the transmitted beam contains valuable
information and helps understanding different contributions to the signal and to the
background. The small-angle scattering signal, i.e., the form factor of the monolayer of
microgels present around the transmitted beam, contributed in the current experiment to
a background which is not flat. The evaluation in Ref. [11] has been done without such
a contribution and showed a significant deviation between measured data and optimal
fitting curve with an Ornstein-Zernike model. The gain provided by simulating this
SANS contribution with BornAgain provides a means of taking this into account for the
interpretation of the GISANS images. Taking into account this additional background
which also extends into the upper half of the detector above the horizon of the scattering
plane is important if low intensities are evaluated. Soft matter GISANS experiments suffer
in many cases from low intensity and rather blurred features on the detector, making this
kind of analysis necessary.

The BornAgain simulation software is a very valuable tool for assessing the back-
ground contributions. This has been shown here for GISANS of microgel particles at the
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solid interface, and also helped in understanding background contributions for GINSES
experiments (see Ref. [24]).

Testing a sample cell design with very little amount of material for GISANS showed
very promising results in terms of a reduced background from the sample cell. This design
would in principle also allow for new scan mode for GINSES experiments in the qy plane
to study dynamics, e.g., diffusive processes parallel to the interface.

Grazing Incidence Neutron Scattering provides unique information on the structure
and also on dynamics at interfaces. It is a challenging work to study such small amounts of
material as it is common for soft matter samples, but if the necessary care is taken concern-
ing experimental background considerations and parallel simulation of the experiment,
valuable information on the interface structure can be obtained.
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