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Abstract: Soft matter and biological materials are characterized by a complex morphology
consisting of multiple structural levels that are either hierarchically organized or coexist
over a length scale from a few Å up to the size of µm. For a structural characterization of
such morphologies, an extended Q-range must be covered in X-ray and neutron scattering
experiments. Neutrons offer the unique advantage of contrast variation and matching by
D-labeling, which is of great value for the characterization of hydrocarbon systems, which
are essentially the constituents of soft matter and biological materials. The combination
of ultra- and small-angle neutron scattering techniques (USANS and SANS) on comple-
mentary beamlines has long been used for such experimental investigations. However, the
combined use of USANS and SANS methods at the same beamline for simultaneous acqui-
sition of scattering data over a wide Q-range is necessary when working with sensitive or
expensive samples that require special preparation or in situ treatment during the structural
characterization. For this reason, several pinhole SANS instruments have been equipped
with focusing lenses to allow additional measurements at lower Q values, in the USANS
range. The use of neutron lenses has the additional advantage of enhancing the intensity
on the sample by providing the ability to work with larger samples while maintaining the
same resolution as in pinhole mode. The experimental approach for using neutron lenses
to enhance the intensity and extend the Q-range to lower values than in pinhole mode is
presented using examples from studies on the pinhole SANS diffractometers equipped
with focusing lenses.

Keywords: SANS; USANS; neutron focusing

1. Introduction
Soft matter and biological systems such as polymer assemblies or blends, gels, semi-

crystalline polymer membranes and polymer–protein or lipid–protein complexes are char-
acterized by a complex morphology consisting of multiple structural levels that are either
hierarchically organized or coexist over a length scale from a few Å up to the size of µm.
Due to the very broad scale of relevant size levels, the experimental characterization of
the structural properties of such materials under specific composition, preparation and
treatment conditions is a major challenge. Scattering techniques with neutrons play an
important role in such investigations [1]. Neutrons interact with matter via short-range
nuclear interactions and, therefore, see the nuclei in a sample rather than the diffuse elec-
tron cloud observed with X-rays. The scattering length of the nuclei vary randomly in
the periodic table and, therefore, unlike X-rays, neutrons are able to “see” light atoms in
the presence of heavier ones and distinguish neighboring elements more easily. Isotopic
labeling in the labs allows neutrons to highlight structural and dynamic details in a complex
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multicomponent sample as neutrons can distinguish between isotopes of the same element.
This is particularly useful when studying biological and soft materials using deuterium
labeling as the cross section between the isotopes of hydrogen, protium 1H and deuterium
2H is very different.

The structural features of such complex morphologies can be characterized on the
mesoscale—i.e., between a few nm and 100 nm—by the small-angle neutron scattering
(SANS) method. The aim of a SANS experiment is to determine the shape, size and
organization of particles or aggregates dispersed in a continuous medium as a time average.
Neutron scattering experiments act in reciprocal space and measure the number of neutrons
scattered at different values of the momentum and energy, which are transferred to the
neutrons, ℏQ and ℏw. Considering only the elastic scattering, the information in the
SANS experiments is contained in the neutron intensity recorded on a two-dimensional
position-sensitive detector as a function of scattering angle q, which, after all corrections
and calibrations related to the used method are applied, is presented as a function of the
magnitude of the scattering vector Q:

Q =
4π

λ
sin

(
θ

2

)
(1)

where λ is the wavelength of the neutron. Q acts as a kind of inverse scale: large Q values
relate to short distances, while a small Q relates to large objects in real space [1]. Thus, a
distinguishing feature of a SANS instrument is the Q-range it can cover, i.e., the scale of
lengths that can be characterized with the instrument in real space.

Pinhole SANS diffractometers are the classical instruments of this type. The schematic
mode of operation of such a SANS diffractometer is shown in Figure 1A, as described
in [2,3] for the SANS diffractometer KWS-2 of the Jülich Centre of Neutron Science (JCNS)
at the Heinz Maier-Leibnitz Zentrum (MLZ), Garching, Germany. Therefore, a classical
pinhole SANS instrument is equipped with several AC collimation apertures and one AS

sample aperture, each of which has a variable opening of up to several centimeters, and
they are arranged in evacuated channels over lengths of typically 20 m. The divergence
and size of the beam on the sample to achieve the required Q resolution and, hence,
the minimum detectable scattering angle qm on the detector, which can be positioned
at a variable distance LD after the sample, is determined by the appropriate choice of
collimation length LC between the different ACs and the fixed position AS. For LC = LD

and the optimum pinhole condition AC = 2AS, the direct beam profile IP at the detector
is approximately triangular with a base width of 2AC. With the combination of (i) a low
beam divergence, i.e., the ability to detect neutrons scattered at small angles around a beam
stop that masks the beam transmitted through the sample, and (ii) a relatively high beam
intensity achieved by using large beam dimensions (up to several cm), in conjunction with
a relatively high wavelength distribution and thus low instrumental resolution (typically
∆λ/λ = 10%, as defined by the velocity selector with/without an active chopper at the
entrance of the collimation system), a pinhole SANS diffractometer can cover a wide Q-
range by combining measurements under different λ/LC/LD conditions [2–6]. The typical
Q-range for a pinhole SANS instrument, which is covered by the combination of different
wavelengths λ between 3 Å and 10 Å and a detection distance LD between 1 m and 20 m
after the sample (Figure 1A), is between 0.001 Å−1 and 1.0 Å−1. Longer wavelengths,
up to λ = 20 Å or a longer LD up to 40 m, are also possible, extending the Q-range by
a factor of 2 towards lower values, but under very demanding conditions where data
quality and experiment time are strongly influenced by gravitational effects and technical
requirements (detector movement, construction and maintenance costs, etc.). Therefore,
structural features with sizes between a couple of nm and 100 nm are usually analyzed with
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a pinhole SANS instrument. To complete the structural analysis with information from the
sub-nm length range and/or the large-scale range towards µm, SANS is usually combined
with neutron diffraction (ND)/wide-angle neutron scattering (WANS) and ultra-SANS
(USANS), which implies that different beam lines should be used in the same study.
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Figure 1. Schematic view of the three working modes offered for routine use of the KWS-2 SANS
diffractometer of JCNS at MLZ, Germany: (A) the conventional pinhole mode; (B) the enhanced
intensity focusing mode; (C) the high-resolution (low Q) focusing mode. Reprinted (adapted) with
permission from [2].

There have been a large number of studies on soft matter and biological systems
performed with USANS/SANS/ND (WANS) with extended Q-range combining different
neutron scattering instruments, e.g., on polymer thermoreversible gels [7–11] or aero-
gels [12,13], semi-crystalline polymers [1,14–21], rubber [22–24], food [25–28] or biological
systems [29–33]. However, the use of various neutron scattering methods on different
beamlines also has disadvantages, which in some cases hinder optimal and reliable data
acquisition, analysis and interpretation. For example, USANS, SANS and ND or WANS are
not always available at the same neutron source. Furthermore, these experiments cannot
always be timed closely enough to allow the same sample to be used for structural analysis
over the desired broad length scale. Neutron scattering experiments are performed at large
facilities that are sometimes shut down suddenly and for extended periods of time, creating



Quantum Beam Sci. 2025, 9, 6 4 of 18

additional difficulties for reliable characterization using various scattering methods on
the same system. In addition, sensitive or expensive samples require special attention to
sample preparation (composition, quality, quantity, etc.), preservation and transportation or
on-site treatment (temperature, humidity, chemical condition, etc.) to ensure reproducible
sample conditions for the good performance of experiments at different beamlines. In such
cases, the simultaneous use of different scattering methods at the same beamline is neces-
sary, as has been shown in the case of using X-ray scattering methods over an extended
Q-range [34,35]. Thus, in order to be able to analyze a broad size scale between one nm
and one µm with the same pinhole SANS diffractometer, several such instruments have
been equipped with focusing lenses [2–6,36,37] to allow additional measurements at lower
Q values, in the USANS range, and with wide-angle detectors [38,39] to cover higher Q
values, in the ND/WANS range. WANS and SANS can also be performed simultaneously,
i.e., optimally and conveniently in one measurement session, with time-of-flight (TOF)
SANS diffractometers at steady-state (reactors) or pulsed (spallation) neutron sources. Such
instruments use a broad neutron wavelength band and a large number of detectors, either
movable [40–42] or mounted at fixed positions [43–45], to simultaneously cover a large
angular range in scattering and, hence, a wide Q-range at once. Until recently, however, no
TOF-SANS instrument used at research reactors or spallation sources could cover a wide
Q-range down to such low Q values as the pinhole SANS instruments equipped with focus-
ing lenses and a secondary high-resolution detector (HRD). Only recently, the Multi-Slit
Very Small Angle Neutron Scattering (MS-VSANS) at the China Spallation Neutron Source
(CSNS), Dongguan, People’s Republic of China, was put into operation [46], which resulted
in the MS-VSANS instrument being able to compete with the pinhole SANS instruments
with lenses in terms of achieving Qm ≈ 0.0001 Å−1; however, this was with complications
associated with measurement in the slit geometry.

The focusing of cold neutrons with several lenses was first proposed in [47]: with
biconcave MgF2 lenses, the Q-range on a SANS pinhole instrument was extended down to
~0.004 Å−1. As described in detail in [48], the refractive index for cold neutrons is less than
one, which is why neutron lenses must be concave. Several elements and isotopes suitable
for neutron optics are listed in [48], where materials such as MgF2, BeO or crystalline CO2

are discussed as potentially suitable for neutron lenses. Compared to other materials, MgF2

is relatively readily available, cheaper and easy to process. The focal length of such a lens
is usually very long, about 100–200 m. Therefore, for a SANS instrument, which typically
has a detection length of 15–20 m, several such lenses should be used in series, depending
on the used neutron wavelength λ. The working principle of a high-resolution (low Q)
focusing mode at a pinhole SANS diffractometer using lenses is shown in Figure 1C, as
operational at the KWS-2 instrument [2,3]. Generally, MgF2 neutron lenses are focusing
the image of a small entrance aperture AC, placed on one focal point of the lens system
(focusing distance L1), on the detector that is placed on the other focal point of the lenses
(focusing distance L2). Hence, working with a small entrance aperture AC and with a
high-resolution detector (HRD), neutrons scattered at much lower scattering angles qm can
be detected, thus providing optimal conditions for reaching a lower value for the minimum
wave vector transfer Qm than in conventional pinhole mode. The placement of the focusing
lenses in front of the sample aperture requires that for fulfilling the focusing conditions, the
detector should be used at slightly lower LDs as in the pinhole mode.

At this point, it should be mentioned that in the 1990s, reflection optics with mirrors in
grazing incidence were also considered for focusing SANS instruments. However, to enable
reliable measurements, a very high-quality mirror reflection surface must be provided,
which has not been achieved in most of the attempts. The only mirror-focusing SANS
instrument in operation today, which complements with great success the classical pinhole
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SANS diffractometers with lower Q-value data, is the KWS-3 f-SANS instrument of the
JCNS in Garching, Germany [49]. The instrument employs a highly polished Zerodur glass
double-focusing toroidal mirror (Carl Zeiss Laser Optics GmbH, Oberkochen, Germany)
coated with 800 Å 65Cu (refractive index for neutrons n = 0.9979, with a critical angle
θc = 3.7◦ for λ = 12 Å) and protected with a 100 Å Al coating, a technology developed in
the 1990s for the ROSAT X-ray telescope [50]. The roughness of the mirror surface (rms)
after coating is less than 3 Å. The instrument offers a successful alternative to lens focusing
at pinhole SANS diffractometers, with the advantage of avoiding gravitational effects that
occur when focusing with highly chromatic lenses when a wide ∆λ/λ is used, but with
disadvantages in some cases in terms of sample transmission and intensity due to the
long wavelength used, λ = 12 Å. Recently, the option of focusing by grazing incidence has
again attracted much attention [51] by considering the use of asymmetric Wolter mirrors.
Several instruments based on this principle are currently being proposed [52,53], all of
which involve the use of longer wavelengths λ than the classical pinhole SANS.

Another advantage of using neutron lenses, especially aspherical lenses to avoid
geometric aberrations, was demonstrated for SANS in [54]: by using lenses, the intensity
on the sample can be enhanced, as a larger sample size can be used while maintaining the
same resolution as the pinhole mode, as shown in Figure 1B. The lenses should be cooled
at about 77 K to increase their transmission by suppressing the phonon scattering in the
lens material. By now, four pinhole SANS instruments worldwide have been equipped
with MgF2 lenses and a scintillation HRD based on one photomultiplier (Hammamatsu
Photonics, Hamamatsu, Japan) [2–6] or an 6LiF scintillator [37] with a resolution of ≦1 mm
to make optimal use of the focusing mode for routine measurements in combination with
the pinhole mode at the same beamline: KWS-2, operated by the Jülich Centre for Neutron
Science at the Heinz Maier-Leibnitz Zentrum, Garching, Germany [2,3]; SANS-J, operated
by the Japan Atomic Energy Agency at the JRR-3 reactor, Tokai, Japan [4,6]; SANS-U,
operated by the University of Tokyo at the JRR-3 reactor, Tokai, Japan [5]; and VSANS at
the National Institute of Standards and Technology (NIST, Gaithesburg, MD, USA) [37,55].
Only the SANS diffractometer KWS-2 [2,3,39] is equipped with large parabolic MgF2 lenses
(5 cm diameter) kept cold at 77K, which enables the two functions shown in Figure 1B,C to
be routinely used with a very high profit: (i) enhancement of the intensity on the sample at
the same resolution as in pinhole SANS (Qm ~ 10−3 Å−1) using large sample sizes (up to
5 cm diameter) and (ii) extension of the Q-range down to ~10−4 Å−1. Three packs of lenses
(4, 6 or 10 lenses), for focusing neutrons of different wavelengths when grouped together
appropriately, are installed on separate carriages, which can be moved in and out of the
beam in a controlled manner in a special evacuated chamber in front of the sample aperture
to prevent condensation of water on the lenses during cooling. Evacuation is provided
by a vacuum pump that exclusively supplies the lens chamber, while cooling is provided
by a cold head (VeriCold Technologies GmbH, Ismaning, Germany) driven by a Coolpak
compressor (Leybold GmbH, Aschheim, Germany), with the cold being transferred to the
lens packs via cooling rails attached to the outer sides of the lenses. Nitrogen atmosphere
is used to reset the chamber to room temperature and ventilate it.

In this review, the experimental approach for the use of neutron lenses to enhance the
intensity and extend the Q-range to lower values than in pinhole mode is presented using
examples from studies on the SANS diffractometers KWS-2 and SANS-J [56–60].

2. Enhanced Intensity Using Focusing Lenses at Pinhole
SANS Diffractometers

The KWS-2 SANS diffractometer is equipped with 26 MgF2 parabolic lenses with a
diameter of Φ = 5 cm. To focus monochromatic beams of different wavelength l, as defined
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by the collimation aperture AC onto the detector positioned at LD (Figure 1B,C), a different
number of lenses is required for different l values. Thus, four lenses are used for λ = 17.5 Å,
ten lenses for λ = 10 Å and twenty-six lenses for λ = 7 Å. The neutron transmission of
lenses is influenced by processes such as neutron absorption and scattering on the lens
material. To minimize the scattering, which is mainly caused by thermal vibrations in the
lens material (phonons), the lenses must be cooled to 77 K [54]. With a collimation aperture
AC of 50 mm × 50 mm at a collimation length LC = 20 m (Figure 1B), the lenses can focus
a direct beam spot of the same size as in the pinhole SANS method (Figure 1A) onto the
main SANS detector, so that the same resolution (Qm) as in pinhole SANS can be achieved
(Figure 1B). For ideal focusing, the condition L1 = L2 should be fulfilled (Figure 1B,C),
although L2 < L1 may also work with the appropriate adjustment of the source image,
namely, the size of the collimation aperture AC. The advantage of using this setup is that
due to the possibility of using a large sample area, the intensity on the sample can be
enhanced compared to that used in pinhole geometry.

Figure 2 shows the scattering patterns of spherical polystyrene particles with a radius
of Rsph = 150 Å in D2O-H2O solution, measured at KWS-2 [2] in pinhole mode with the
sample aperture AS size of 10 mm × 10 mm (Figure 1A) and in the enhanced intensity mode
with lenses and different sample aperture size AS—ranging between 10 mm × 10 mm and
30 mm × 30 mm in square and a diameter of 50 mm in round shapes (Figure 1B). Using
26 lenses with neutrons of wavelength λ = 7 Å, an intensity gain on the sample of up to
about twelve times is achieved by increasing the beam size on the sample (Figure 2A),
while the beam size (the Qm resolution) on the detector remains constant, as shown in
Figure 2B,C. The two-dimensional (2D) scattering patterns (Figure 2B,C) are corrected
for the contribution of the empty cuvette and normalized to the monitor of the incident
monochromatic beam, while the one-dimensional (1D) scattering profiles (Figure 2A) are
obtained by radial averaging of the 2D scattering patterns. The intensity enhancement
factor can be easily estimated by comparing the scattering levels of the plateau observed at
low Q in all scattering patterns. This factor includes the transmission of the ensemble of
27 lenses kept cold at 77 K, i.e., Trlenses = 61% when the entire lens area is used, which was
estimated with the transmission monitor placed in the middle of the beam-stop [2,3]. It
should be noted that the transmission of the entire set of lenses in the cold state is about
twice as high as the transmission of lenses used at RT [54], which is due to the suppression
of scattering from phonons in the lens material.

The use of focusing lenses to enhance the intensity on the sample by increasing the
beam size on the sample, i.e., the sample size, is of great advantage for measurements at
low Q on weakly scattering samples, such as in the case of very dilute particle solutions or
studies of low-contrast conditions or around the matching point of a labeled component in a
multicomponent system by using deuterated and hydrogenated solvents in different ratios.
In this case, enhancing the intensity by using larger samples helps to perform measurements
with normal acquisition time and improved statistics compared to the standard setup. One
should also mention that soft matter samples such as polymers, colloids, gels and some
biological samples such as phospholipids are usually available in large quantities to enable
such studies. One example is the study of contrast variation experiments on bovine serum
albumin (BSA)-coated gold nanoparticles (GNP) exposed to simulated water effluent (SSE)
to study mineralization in wastewater desalination plants [56]. Solutions of 1/1 BSA-
GNPs/SSE with different degrees of deuteration of the SSE-D2O content—namely, 0%, 30%,
50%, 70% and 100%—were investigated. Since the particles were only stable for a short
time, the weak scattering by the mineralized GNPs was overcome in the contrast variation
experiment by enhancing the neutron intensity on the sample using 10 focusing lenses at
KWS-2 with λ = 10 Å and a sample size of 5 cm in diameter, which allowed data acquisition
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of about 30 min with very good statistics in all contrast conditions. The corresponding data
are shown in Figure 3A,B. Analysis of the scattering patterns (Figure 3A) resulted in a mean
radius of gyration Rg in the order of 103 Å and a Q−3 power law behavior of the scattering
intensity at low Q. Plotting the amplitude of the power law against the SSE-D2O content
(Figure 3B) results in a scattering minimum at 61%, which corresponds to a matching
composition of the SSE solution. It should be noted that the total scattering at the matching
point is not zero, since the inner part of the particles is not homogeneous, i.e., it represents
a composite of BSA and GNP, as described in detail in [56].
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30 mm × 30 mm (C). Reprinted (adapted) with permission from [2].
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φM = 0.61, determining the matching point. Reprinted with permission from [56]. Copyright (2014)
American Chemical Society. (C) The large-size (5.4 cm diameter, 1 mm beam path) quartz cuvettes
used with the enhanced intensity mode with lenses at KWS-2.

3. Extended Q-Range Using Focusing Lenses at Pinhole
SANS Diffractometers

Neutron lenses can be used to focus the beam transmitted through the sample to a
smaller spot size and collect neutrons on an HRD, which are scattered at much smaller
angles than in the classical pinhole configuration, as shown in Figure 1C. The KWS-2, SANS-
J and SANS-U diffractometers all use a scintillation detector with a single photomultiplier
as the HRD (Hammamatsu Photonics, Hamamatsu, Japan). Biological samples or polymer
gels require special attention during preparation and treatment in the beam, where either
the gelation process or the change in composition (contrast or rapid mixing of different
components) must be carefully monitored.

Complex morphologies formed by mixing proteins with lipid molecules or charged
polymers in buffer solutions are of great interest for understanding the cooperative in-
teraction of different components of such systems. Such morphologies consist of several
structural units whose size ratios are distributed over a large length scale. The combi-
nation of SANS and USANS, complemented by microscopic observations, is the way to
fully characterize such morphologies and to understand the interaction between different
components at different compositions, temperatures and pH values, which are relevant
for potential applications in drug delivery or in elucidating the causes of various diseases.
Since the composition of such samples should sometimes be changed in the beam to follow
different effects, performing SANS and USANS on the same beamline is of great advantage
in these cases.

The myelin basic protein (MBP) and its interaction with the lipids of the myelin sheath
play an important role in the pathology of multiple sclerosis (MS). The myelin sheath is a
multilamellar membrane consisting of lipids and proteins that coats the axons of neurons.
It plays an important role in neuronal signal conduction, as it is the insulating layer that
enables rapid signal transport over long distances in the white matter of the brain by
reducing conduction losses. Various diseases and conditions, such as MS, damage or
destroy myelin. SANS/USANS and SAXS studies on the association of MBP with lipid
membranes can shed light on the molecular origin of structure formation and structural
instabilities in biosynthetic model lipid membranes with native and disease-like lipid
composition and their mechanism of interaction with MBP [59,61]. Figure 4A,B show
scattering patterns recorded at room temperature over the entire Q-range available at KWS-
2, combining the pinhole and focusing modes of a sample consisting of a mixture of lipid
molecules forming unilamellar vesicles (ULV) in a D2O buffer solution (Figure 4A). These
exhibit adhesion (docking) effects when MBP is added to the solution (Figure 4B), resulting
in vesicle assemblies and multilamellar domains, as is nicely shown in the cryo-TEM image
in Figure 4B [39]. Mixtures of lipid molecules mimicking native healthy and diseased myelin
membranes were studied, with a selected case of the healthy composition study reported
here. Details of the sample composition and preparation protocols can be found in [58].
Small-angle neutron scattering (SANS) was measured using the SANS diffractometer
KWS-2 with conventional pinhole and high-resolution (low Q) focusing lens modes. The
experimental conditions are described in detail in [39], while in Figure 4A,B, data measured
under different λ, LD conditions or instrument operating mode are represented by different
colored symbols. ULVs are formed by the mixture of lipid molecules in solution (Figure 4A),
whereby no traces of vesicle aggregation were observed even at higher lipid concentrations
in the solution [59]. From the interpretation of the SANS results with the vesicle form factor
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(red curve in Figure 4A), the vesicle size Rves ≈ 550 Å and the thickness of the bilayer dves

≈ 35 Å were obtained. In contrast to the case of lipids alone in the solution, with MBP
(Figure 4B), the Guinier regime (the leveling off of the scattering intensity towards low Q)
was observed at a Q about one order of magnitude lower compared to the protein-free
solution case (Figure 4A). The addition of MBP to the lipid solution, therefore, results in
much larger morphologies. Additional scattering features at medium and high Q were
also observed, such as the broad maxima indicated by the vertical arrows in Figure 4B.
The scattering features observed in Figure 4B were better understood by analyzing the
Cro-TEM micrographs of the same solution. The large-scale aggregates represent the vesicle
assemblies mediated by the MBP; the hump at medium Q refers to the form factor detail of
individual and assembled vesicles that can still be easily recognized in the micrographs;
while the broad maximum at high Q is due to correlation effects caused by the local
multilamellar character of the morphology, where two vesicles come into contact with each
other. The scattering data were well described (red curve in Figure 4B) by a combination
of single and clustering ULVs (blue line), as described in [62], combined with a Beaucage
form factor [63] of the large-scale aggregates. Details of the analysis are described in [39].
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Figure 4. SANS patterns and cryo-TEM micrographs of vesicles formed by a mixture of lipids in
solution without (A) and with (B) MBP addition [39]. The results of the interpretation of the scattering
data according to structural models (see text) are shown by the red curves, while the signal of the
docked vesicles is indicated by the light-blue curve (B). The scale for both micrographs is 100 nm.

The co-assembly of polyelectrolytes (PE) with proteins offers a promising approach for
the development of complex structures with customizable morphology, charge distribution
and stability for the targeted delivery of drugs in various therapeutic applications. Such
nanocarriers are fabricated from biocompatible and biodegradable materials to minimize
potential toxicity and ensure safe delivery in biological systems. In [60], the morphology
formed by the co-assembly of insulin/polyelectrolyte complexes and the potential for
controlled release were investigated to assess their suitability for the further development of
targeted drug delivery systems. The complexation of insulin with a biocompatible diblock
copolymer consisting of a weak polycation poly(N,N-dimethylaminoethyl methacrylate),
DMA, or a strong polycation poly(N,N,N-trimethylammonioethyl methacrylate), QDMA,
and a novel hydrophilic poly(ethylene oxide) block, EO, was investigated at different pH
values. The detailed SANS and SAXS characterization of the complexes, complemented by
cryo-TEM and a variety of laboratory analytical techniques, was reported in [60]. In D2O
buffer, interconnected network-like structures of elongated and worm-like particles were
formed at higher insulin concentration, as shown by USAXS and USANS. Surprisingly,
only spherical or elongated particles were observed in H2O, which showed no networking
behavior. This effect was attributed to the different conformational behavior of the EO
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block in D2O compared to H2O, which is due to the stronger hydrogen bonding between
the D2O molecules and, thus, the weaker hydrogen bonding between EO and D2O as well
as the stronger inter- and intramolecular hydrogen bonding between the EO segments [60].
Figure 5 shows the scattering patterns of a sample containing the diblock copolymer with a
weak PE block (EO9-DMA6) at 5 mg/mL and insulin at 20 mg/mL in D2O at pH = 7.4.
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Figure 5. Scattering patterns from the complexes formed by the weakly charged diblock copolymer
EO9-DMA6 and insulin in D2O buffer at pH = 7.4, measured in enhanced intensity (yellow symbols)
and extended Q-range (blue symbols) modes with lenses and SANS-J diffractometer of JAEA at
JRR-3 reactor, Japan. The power law behavior of the scattered intensity in different Q-ranges and the
structural levels considered in the model analysis of the data are indicated. The red curve represents
the global model interpretation of the experimental data, with the contribution of the large-scale and
mesoscale structural level depicted by the blue and black curves, respectively, as discussed in text.

The data were collected with the SANS-J diffractometer in the Q-range covered by the
use of neutron lenses. The data shown with yellow symbols were measured with lenses in
the enhanced intensity mode, while the scattering pattern shown with the blue symbols
was collected in the USANS mode of the instrument. Lenses of 70 MgF2 with a size that
allows a maximum beam size of Φ = 15 mm diameter are used on the SANS-J with λ = 6.5 Å
neutrons in both enhanced intensity mode (as in Figure 1B) and extended Q-range mode
(as in Figure 1C) [4,6]. Thus, measurements can be performed with lenses at LD = 10 m
using the main detector [64] with an intensity gain factor of 2.7 on the sample compared
to the standard beam size of Φ = 8 mm used with SANS-J in pinhole mode. If a smaller
collimation entrance aperture at LC = 10 m is used in combination with the HRD detector
at LD = 10 m, a Qm = 0.0002 Å−1 may be achieved, similar to the SANS diffractometer
KWS-2. The scattering patterns in Figure 5 exhibit varying power-law behavior at different
Q scales. One-dimensional protein–polymer complexes appear to form at the mesoscale,
which behave as semi-flexible worm-like objects at a larger length scale, leading to the
formation of a network-like arrangement with a mass fractal aspect and characteristic
sizes in the µm range. The main structural levels that can be identified from the change
in slope observed in the scattering profile are indicated in the figure. The qualitative
interpretation and model description of the scattering data in Figure 5 are supported by
cryo-TEM observations (Figure 6), which also reveal this structural organization on a
broad length scale: at µm—an ensemble of network-like assemblies (Figure 6, left panel),
consisting of associations of worm-like aggregates with sizes of several hundred nm and a
local one-dimensional aspect (Figure 6, right panel). The SANS-USANS data were modeled



Quantum Beam Sci. 2025, 9, 6 11 of 18

using the unified equation of Beaucage [63], considering three structural levels: (i) the semi-
flexible worm-like morphology (~Q−5/3) with the size defined by the radius of gyration
Rg3; (ii) the local 1D aspect (~Q−1) of the worm-like morphologies with the characteristic
sizes Rg2 and Rg1; and (iii) the large-scale ensemble of network-like aggregates (~Q−3.5)
with the characteristic size Rg

LS. The model interpretation describes the experimental data
very well (red curve in Figure 7) and provides the size parameters: Rg

LS = 12550 ± 125 Å,
Rg3 = 612 ± 15 Å, Rg2 = 338 ± 16 Å and Rg1 = 130 ± 10 Å. The most important structures
identified and characterized by SANS are shown in Figure 5 by the blue (large ensemble of
network-forming, worm-like aggregates) and black curves (the worm-like aggregates). It
should be noted that the structure levels Rg2 and Rg3 quantitatively agree quite well with
the Lcyl ≈ 100 nm and dcyl ≈ 10 nm estimated from the micrographs. A detailed analysis
of the local scale units of this morphology at different concentration and pH conditions is
reported in [60].

Quantum Beam Sci. 2025, 9, x FOR PEER REVIEW 11 of 19 
 

 

lenses in the enhanced intensity mode, while the scattering pattern shown with the blue 
symbols was collected in the USANS mode of the instrument. Lenses of 70 MgF2 with a 
size that allows a maximum beam size of Φ = 15 mm diameter are used on the SANS-J 
with λ = 6.5 Å neutrons in both enhanced intensity mode (as in Figure 1B) and extended 
Q-range mode (as in Figure 1C) [4,6]. Thus, measurements can be performed with lenses 
at LD = 10 m using the main detector [64] with an intensity gain factor of 2.7 on the sample 
compared to the standard beam size of Φ = 8 mm used with SANS-J in pinhole mode. If a 
smaller collimation entrance aperture at LC = 10 m is used in combination with the HRD 
detector at LD = 10 m, a Qm = 0.0002 Å−1 may be achieved, similar to the SANS diffractom-
eter KWS-2. The scattering patterns in Figure 5 exhibit varying power-law behavior at 
different Q scales. One-dimensional protein–polymer complexes appear to form at the 
mesoscale, which behave as semi-flexible worm-like objects at a larger length scale, lead-
ing to the formation of a network-like arrangement with a mass fractal aspect and charac-
teristic sizes in the µm range. The main structural levels that can be identified from the 
change in slope observed in the scattering profile are indicated in the figure. The qualita-
tive interpretation and model description of the scattering data in Figure 5 are supported 
by cryo-TEM observations (Figure 6), which also reveal this structural organization on a 
broad length scale: at µm—an ensemble of network-like assemblies (Figure 6, left panel), 
consisting of associations of worm-like aggregates with sizes of several hundred nm and 
a local one-dimensional aspect (Figure 6, right panel). The SANS-USANS data were mod-
eled using the unified equation of Beaucage [63], considering three structural levels: (i) 
the semi-flexible worm-like morphology (~Q−5/3) with the size defined by the radius of 
gyration Rg3; (ii) the local 1D aspect (~Q−1) of the worm-like morphologies with the char-
acteristic sizes Rg2 and Rg1; and (iii) the large-scale ensemble of network-like aggregates 
(~Q−3.5) with the characteristic size RgLS. The model interpretation describes the experi-
mental data very well (red curve in Figure 7) and provides the size parameters: RgLS = 
12550 ± 125 Å, Rg3 = 612 ± 15 Å, Rg2 = 338 ± 16 Å and Rg1 = 130 ± 10 Å. The most important 
structures identified and characterized by SANS are shown in Figure 5 by the blue (large 
ensemble of network-forming, worm-like aggregates) and black curves (the worm-like 
aggregates). It should be noted that the structure levels Rg2 and Rg3 quantitatively agree 
quite well with the Lcyl ≈ 100 nm and dcyl ≈ 10 nm estimated from the micrographs. A 
detailed analysis of the local scale units of this morphology at different concentration and 
pH conditions is reported in [60]. 

 

Figure 6. Cryo-TEM micrographs of the sample (EO9-DMA6) at 5 mg/mL and insulin at 20 mg/mL 
in D2O buffer delivering the scattering patterns shown in Figure 5, captured at two magnifications 
(scale bars 500 nm and 100 nm in the left and the right panels, respectively). The structural levels 
considered in the model analysis of the scattering data are indicated by the arrows and circles. 

Figure 6. Cryo-TEM micrographs of the sample (EO9-DMA6) at 5 mg/mL and insulin at 20 mg/mL
in D2O buffer delivering the scattering patterns shown in Figure 5, captured at two magnifications
(scale bars 500 nm and 100 nm in the left and the right panels, respectively). The structural levels
considered in the model analysis of the scattering data are indicated by the arrows and circles.
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Figure 7. SEM micrographs of PEEK aerogels dried using supercritical fluid extraction. Aerogels
were prepared from 15 wt % PEEK in DCA (a,b) or 4CP (c,d). Reprinted with permission from [58].
Copyright (2019) American Chemical Society.

Thermo-responsible gels of semi-crystalline polymers are characterized by three-
dimensional networks on a large length scale of µm size, which are formed by cross-linking
smaller structural units, either crystalline lamellae or fibrils, and can include large volume
fractions of solvents. The scattering patterns of such morphologies exhibit features that
can be observed over an extended Q-range. Thus, the crystalline peaks, which are due
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to ordered crystalline planes in the lamellae or fibrils, appear in the scattering patterns
collected at very high Q in the ND or XRD (X-ray diffraction) regimes. The lamellar or
fibrillar form factors and the interlamellar or interfibrillar correlation peaks are revealed
in the SANS or SAXS Q-range, while the scattering profile and the Guinier regime of the
large-scale associations of the lamellae or fibrils in networks can be studied with either
USAXS or USANS. Highly porous aerogels, in which the morphology of the wet gel is
retained, can be produced by controlled removal of the solvent. Such aerogels are used in
insulation, separation and filtration processes in many applications. A major problem in the
production of aerogels is the preservation of the high porosity and the specific morphology
of the wet precursor gel, which cannot be achieved by simply removing the solvent by
evaporation. Therefore, the thorough characterization of the aerogels is important to
evaluate the efficiency of solvent removal and the production of materials with the desired
application properties.

Talley et al. [58] prepared poly(ether ether ketone) aerogels after supercritical CO2

solvent extraction (SC drying) of precursor gels prepared in either dichloroacetic acid
(DCA) or 4-chlorophenol (4CP). Figure 7 shows microscopic images of these aerogels
obtained by field emission scanning electron microscopy (FE-SEM). The features of the
semi-crystalline morphology of the wet gels appear to be preserved, with stacked crystalline
lamellae that appear to be much more defined in the SC-dried PEEK/4CP aerogels than
in the SC-dried PEEK/DCA aerogels. Ultra-small angle X-ray scattering (USAXS)/small
angle X-ray scattering (SAXS)/wide angle X-ray scattering (WAXS) analysis (Figure 8A)
revealed a hierarchical morphology of the PEEK aerogels with structural features ranging
from PEEK crystallites to agglomerates of stacked lamellae spanning a wide range of
length scales. However, SAXS cannot clearly resolve the exact nature of the structural
level at the mesoscale, which appears as a broad shoulder-like scattering feature at about
Q ≈ 0.04 Å−1.
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The scattering pattern of PEG alone in THF solution at 10 °C shows that the polymer 
forms a three-dimensional network of crystalline lamellae during its gelation, which re-
sembles the morphology of a “house of cards”. The interlamellar correlation peaks ob-
served in Figure 9, especially in the Kratky plot of the scattering data, are indicative of this 
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Figure 8. USAXS/SAXS/WAXS profiles of PEEK aerogels prepared by SC-drying (A) and SANS
profiles of PEEK gel networks imbibed with either pure D2O (blue squares), pure H2O (red triangles)
or 51.4:48.6 (v/v) H2O/D2O mixture (green circles). All gels in (B) were prepared via solvent-
exchanging 10 wt % PEEK gels prepared in DCA. Reprinted (adapted) with permission from [58].
Copyright (2019) American Chemical Society.

SANS and USANS experiments at KWS-2, combining pinhole and high-resolution
(low-Q) lens focusing modes, provided the unique opportunity to apply contrast variations
and confirmed that the morphological origin of this scattering feature of PEEK aerogels
is stacked crystalline lamellae (Figure 8B). The SANS experiments were performed on
PEEK aerogels in which the DCA gelling solvent was replaced with either pure H2O, pure
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D2O or a 51.4:48.6 (v/v) mixture of H2O and D2O chosen to match the scattering length
density SLD of crystalline PEEK (SLD = 2.71 Å × 1010 cm−2) [58]. As noted, the broad
shoulder in the SANS Q region vanishes for this contrast condition. Thus, the SANS contrast
variation confirmed the correspondence of the scattering length density (SLD) between the
liquid matrix and the crystalline PEEK lamellae and provided conclusive evidence that the
scattering maximum near Q ≈ 0.04 Å−1 is due to the lamellar morphology of the gels.

Kaneko et al. [57] investigated the gelation of syndiotactic polystyrene (sPS) in tetrahy-
drofuran (THF) in the presence of high-molecular-weight poly(ethylene glycol) dimethyl
ether (PEGDME) using contrast-matching SANS complemented by in situ FTIR. Contrast-
matching SANS was used to distinguish the behavior of each polymer during the transition
from the single-coil conformation at high temperature to the gel state at low temperature
(10 ◦C), as described in detail in [57], and to be able to capture the scattering contribution of
each polymer species. Therefore, each polymer species was used alternately in the deuter-
ated state to contrast-match its scattering, while the solvent always remained deuterated.
After joint SANS and FTIR analysis of each sample, sPS changes from the amorphous
coil conformation to the crystalline helical TTGG conformation when the gelation point is
passed towards a lower temperature, forming a gel characterized by fibrillar morphologies
on a mesoscale with a local 2D aspect evolving into a three-dimensional network on a large
length scale. In contrast to sPS, analysis of PEGDME SANS scattering patterns collected
over an extended Q-range at KWS-2 down to Qm = 0.0002 Å−1 and FTIR spectra showed
that the PEGDME remains in amorphous conformation over the entire temperature range
and transitions from the amorphous coil to an elongated amorphous conformation. It was
hypothesized that this behavior is driven by the evolution of the sPS and that PEGDME
integrates with the sPS into the fibrillar morphology during the gelation process.

The scattering pattern of PEG alone in THF solution at 10 ◦C shows that the polymer
forms a three-dimensional network of crystalline lamellae during its gelation, which resem-
bles the morphology of a “house of cards”. The interlamellar correlation peaks observed
in Figure 9, especially in the Kratky plot of the scattering data, are indicative of this mor-
phology. Unlike this, the interpretation of the scattering patterns in the presence of sPS
suggests a smaller and softer PEGDME morphology. It is clear that PEGDME follows the
structural behavior of sPS and co-assembles with it to form common fibrils (Q−1 behavior
of scattering intensity at medium Q in Figure 9) with a localized 2D aspect (Q−2 profile at
higher Q). In addition, the lens focusing data suggest that PEGDME is also involved in the
large-scale gel structure of sPS, which leads to stronger scattering at very low Q.

A model interpretation of the scattering pattern for medium and high Q values [57]
in terms of a superposition of the form factor of a long and narrow parallelepiped [65]
with the characteristic sizes t (thickness), w (width) and L (length) to describe the fibril-like
polymer arrangements, with the semi-flexible coil form factor [66] at high Q, which is due to
amorphous polymer segments emerging from the co-assemblies or still in solution, can thus
be refined by adding a spherical form factor (with polydispersity in size [67], σR ≈ 20%)
to describe the shoulder observed at very low Q in Figure 9, indicating the µm size and
high-level organization of the network-forming fibrils. The results of the global fit and the
contribution of the individual morphologies are shown in Figure 10. For a good description
of the scattering data at very low Q, an additional Q−3 power law component was added
to the combination of the three considered form factors to describe the mass fractal aspect
of the gel network at a large length scale. A very good agreement was obtained between
the quantities provided by the model analysis, as described in detail in [57].
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a result of the co-gelation process with the sPS in THF, measured over a wide Q-range at matching
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THF is shown in parallel in black symbols. The Kratky representation of the data is shown in the
inset. The power law behavior of the scattering intensity in different Q-domains is given as explained
in the text. Reprinted with permission from [57]. Copyright (2024) Elsevier.
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4. Conclusions
For a complete characterization of soft matter and biological systems, a broad length

scale from nm to µm should be covered in a structural analysis. This is possible with
X-ray and neutron scattering experiments carried out over a broad Q-range. With neutrons,
contrast variation and matching by D-labeling is possible and is of great value for the
characterization of hydrocarbon systems, which are the main constituents of soft matter
and biological materials. USANS and SANS methods, sometimes complemented by ND
or WANS techniques, are used for such thorough structural characterization. In the case
when the sample preparation or the in situ sample treatment during the experimental
investigation pose constraints, it is useful to perform USANS and SANS experiments
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on the same beamline. This is possible by using pinhole SANS instruments equipped
with focusing lenses that permit reaching lower Q values, in the USANS range, down to
0.0001 Å−1. The use of neutron lenses has the added benefit of increasing the intensity
on the sample by providing the ability to work with larger samples while maintaining
the same resolution as in pinhole mode. This is useful for measurements at low Q on
weakly scattering samples, such as in the case of very dilute particle solutions or studies
of low contrast conditions or around the matching point of a labeled component in a
multi-component system by using deuterated and protonated solvents in different ratios.
In intensity enhancement mode with focusing lenses, a significant increase in intensity on
the sample is achieved depending on the size of the lenses used and the temperature of the
lenses. Several examples have been given to demonstrate the usefulness of using focusing
lenses in pinhole SANS instruments.
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