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Abstract: Nanomaterials can intensively scatter and/or reflect radiation. Such processes and materials
are of theoretical and practical interest. Here, we study the quasi-specular reflections (QSRs) of cold
neutrons (CNs) and the reflections of very cold neutrons (VCNs) from nanodiamond (ND) powders.
The fluorination of ND increased its efficiency by removing/replacing hydrogen, which is otherwise
the dominant cause of neutron loss due to incoherent scattering. The probability of the diffuse
reflection of VCNs increased for certain neutron wavelengths by using appropriate ND sizes. Based
on model concepts of the interaction of CNs with ND, and in reference to our previous work, we
assume that the angular distribution of quasi-specularly reflected CNs is narrower, and that the
probability of QSRs of longer wavelength neutrons increases if we increase the characteristic sizes of
NDs compared to standard detonation nanodiamonds (DNDs). However, the probability of QSRs of
CNs with wavelengths below the cutoff of ~4.12 Å decreases due to diffraction scattering on the ND
crystal lattice. We experimentally compared the QSRs of CNs from ~4.3 nm and ~15.0 nm ND. Our
qualitative conclusions and numerical estimates can help optimize the parameters of ND for specific
practical applications based on the QSRs of CNs.

Keywords: quasi-specular reflection; nanodiamonds; nanopowder; reflectors of slow neutrons;
albedo; fluorination

1. Introduction

The goal of the present work is to shed more light on the phenomena occurring
when materials with characteristic structural sizes of the order of the wavelength of the
incident radiation intensively scatter and, under certain conditions, reflect the radiation.
The corresponding interaction mechanisms of structured materials regarding the conditions
for the efficient reflection of radiation, as well as the structures of the materials themselves,
are of great theoretical and practical interest [1,2].

This phenomenon has been observed for many types of radiation and types of struc-
tured materials. In particular, scattering neutrons to fluctuate the neutron–nucleus potential
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of a substance is a powerful method for studying the sizes, shapes and positions of scat-
tering centers in a substance, and the standard experimental method for studying them is
small-angle neutron scattering (SANS) [3–6].

We studied a new class of such phenomena, the extremely intense coherent scattering
of very cold neutrons (VCNs) and cold neutrons (CNs) on detonation (DND) and shock
compression (SCD) nanodiamonds [7,8]. The characteristic velocity of VCNs of VVCN
~50 m/s corresponds to a wavelength of λVCN ~8 nm. The characteristic velocity of CNs
of VCN ~500 m/s corresponds to a wavelength of λCN ~0.8 nm. The characteristic DND
diameter of dDND ~4–5 nm lies between these two values, whereas the SCD diameter of
dSCD ~15 nm (used here) is larger.

DND powders can diffusively reflect VCNs at any angle of incidence [9–12] and can
reflect CNs quasi-specularly at small angles of incidence [13–15]. The potential applications
of these phenomena in neutron technologies and experiments [16–20] and the properties
of such reflectors [21–28] are being actively studied. In addition, DND reflectors are
being integrated into standard neutron simulation packages [28–31]. The efficiency of
reflectors has been improved by removing hydrogen (H) from the DND surface using
fluorination [32,33], accompanied by destroying clusters in the DND powder [34] and, in
the case of the diffuse reflection of VCNs, by choosing the optimal DND size [35].

In the case of the quasi-specular reflection (QSR) of CNs, the angular distribution
of reflected neutrons forms a peak near the specular reflection angle. For the possible
use of QSR, not only is the probability of total reflection important, but the width of the
angular distribution of reflected neutrons is as well. As the distribution becomes narrower,
the reflector becomes better. In reference to ref. [35], and on the basis of our model ideas
about the interaction of CNs with nanodiamonds (NDs), we assumed that it is possible to
optimize the sizes of NDs to increase the efficiency of the QSR of CNs. In particular, an even
narrower angular distribution of quasi-specularly reflected CN, as well as an even larger
total probability of neutron reflection at relatively long wavelengths, can be obtained by
increasing the characteristic size of NDs. The reasons for these assumptions are as follows.
First, the characteristic angle of CN single scattering on an ND particle ∆θ1 [36] is equal to

∆θ1~λCN/2πdND, (1)

which gives ~2◦ for the characteristic values above. Because the QSR of CN is the result of
one or more scattering events on an individual ND, the characteristic angle of QSR, ∆θQS, is
of the same order: ∆θQS~∆θ1. Therefore, it is expected that an increase in the ND size dND
leads to a decrease in the characteristic QSR angle ∆θQS. Second, an increase in the size
dND greatly increases the cross section of the coherent scattering of CNs on an individual
ND, which might lead, under some conditions, to an increase in the total probability
of QSR [9].

However, the appearance of these two positive effects is associated with a negative one.
The probability of the QSR of CNs with relatively short wavelengths is suppressed more
strongly due to the stronger effect of diffraction scattering on the ND crystal lattice. Such
suppression occurs at characteristic CN wavelengths comparable to interatomic distances
in a diamond crystal and below. The boundary of this range approximately corresponds to
the maximum interplanar spacing in diamonds with a nonzero structure factor, which is
given by the (111) plane and is equal to ~4.12 Å. The diffraction lines are broadened out
due to the small value of dND.

Because several characteristic quantities of this problem have the same order of magni-
tude (interatomic distance, neutron wavelength, ND size and distance between neighboring
ND), there are, in general, no “smallness parameters” in this problem, and its calculation
“from first principles” is hardly possible. Therefore, we chose a different approach to
solve it.

Based on the conclusions from previous measurements of the QSR of CNs [14,15,23],
and based on simplified models of the QSR of CNs, we chose an ND with a factor of
~3 larger than dDND and compared the results with previous ones obtained in the same
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configuration using the standard size of DNDs. In both cases, parts of the samples were
fluorinated to reduce CN losses. We compared the obtained experimental results with each
other, as well as with simplified models that allowed us to understand the essence of the
observations. Based on the experimental data and analysis, we made conclusions about the
optimal parameters of NDs for observing and using the QSR of CNs.

The samples used for this study are presented in Section 2. The experimental meth-
ods used in this work are explained in Section 3. The experimental results obtained are
presented in Section 4, simulated in Section 5 and analyzed in Section 6.

2. Samples

To study the effect of the ND size on the efficiency of the QSR of CNs, we used four
types of ND samples:

1. DND: DND powder produced by FSUE “RFNC-VNIIF” using the detonation method,
with a mean diameter of diamond cores of ~4.3 nm (when weighted over particles).
The spread of DND diameters is approximately in the range of 2–10 nm. Powders
of this type were also used in refs. [11,12,14,15,23,27,28,34,35]. The sample density is
0.29 g/cm3.

2. F-DND: DND powder fluorinated according to the procedure described in refs. [32,33].
Fluorination replaces H and removes carbon (C) in the sp2 hybridization found in ND
shells. However, it does not change the size of the diamond cores of the ND. As a
result, neutron losses are dramatically reduced, and the scattering properties of ND
remain virtually unchanged. The sample density is 0.29 g/cm3.

3. SCD: ND powder produced by “Ferran”, Altai, using the shock compression (SCD)
method. A preliminary estimation of the ND diameters (Figure 1) was performed
by Ferran using a Beckman Coulter laser diffraction particle size analyzer. This
method is insensitive to ND diameters below ~30 nm. Therefore, the result is biased
towards larger diameters and thus larger ND masses. In order to better estimate the
unbiased value, we used a method related to Sherrer’s equation on X-ray diffraction
data (Section 4.2) and obtained a mean diameter of ~15 nm. The sample density is
0.39 g/cm3.

4. F-SCD: Fluorinated SCD powder. The fluorination procedure is presented in Sec-
tion 3.1, and the results of fluorination are described in Sections 3.2 and 4.1. The
sample density is 0.39 g/cm3.
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Figure 1. Diameter distribution of ND in the SCD powder measured by Ferran using a Beckman
Coulter laser diffraction particle size analyzer. Note that the sensitivity of the method sharply
decreases for small NDs (below ~30 nm), and the method should not be used in this range.

3. Experimental Methods
3.1. Fluorination of SCD

The fluorination of DNDs is fully described in refs. [32,33]. The procedure of SCD
fluorination is developed in the framework of this study; therefore, it is described in detail.
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SCDs were fluorinated using static conditions in a closed nickel reactor (passivated
with NiF2). SCDs were placed onto passivated nickel supports inside the reaction vessel.
Prior to fluorine gas insertion, the reactor was evacuated to form a primary vacuum
(~10−2 mbar) and was heated for 2 h at a temperature of 200 ◦C in order to remove water
molecules adsorbed on the SCD surface. Pure fluorine gas (~99.9% purity) was then added
with a high flux (~200 mL/min), and a heating rate of 20 ◦C/min was applied to reach a
temperature of 500 ◦C. This final temperature was stabilized for 12 h. If the pressure inside
the reactor increased to 1.2 bar (because of the heating or reaction), the valve between the
reactor and soda lime trap was opened, and the pressure was stabilized to 1 bar.

Such drastic conditions are unusual for graphitic carbonaceous materials because they
may result in exfoliation. In the present case, the aim was the decomposition of sp2 C shells
located on the diamond core, whereas diamond-type C would not react. Fast heating and
fluorine addition favor this decomposition with CF4, C2F6 and the other biggest fluorinated
fragment released from the nanoparticles.

After cooling to room temperature, the reactor was flushed with nitrogen flow
(600 mL/min) for 1 h to remove unused fluorine, HF and decomposition products (CF4,
C2F6, etc.). Because of the quantity of ND of less than 10 g, F2 gas was in excess for the
completion of the purification process. The resulting fluorinated samples of DND and SCD
are denoted as F-DND and F-SCD, as mentioned above.

3.2. Physicochemical Characterization of F-SCD

FTIR experiments were conducted with a Nicolet 6700 FT-IR spectrometer both in the
Attenuated Total Reflection (ATR) and transmission modes. For each spectrum, 128 scans
with a 4 cm−1 resolution were collected between 4000 and 450 cm−1.

1H, 19F and 13C solid-state NMR experiments were performed using a 300 MHz
Brucker Avance spectrometer at room temperature. A cross polarization (CP)/magic-angle
spinning (MAS) NMR probe operating with 4 mm rotors was used at 15 kHz, 15 kHz and
10 kHz spinning rates for 1H, 19F and 13C measurements, respectively. A probe (Bruker)
with fluorine decoupling on a 4 mm rotor was used. For MAS spectra, a simple sequence
was performed with a single π/2 pulse length of 4.0, 4.0 and 3.5 µs for 1H, 19F and 13C,
respectively. 13C NMR was performed at a frequency of 73.4 MHz, and tetramethylsilane
(TMS) was used as the reference. 19F MNR was carried out with a frequency of 282.2 MHz,
and the spectra were externally referenced with CF3COOH and then with CFCl3 (δCF3COOH
= −78.5 ppm/CFCl3). Quantitative 19F NMR using polytetrafluoroethylene (PTFE) as an
internal reference was carried out to determine the content of each C-F bond. For this aim,
the recycling time (D1) was fixed according to the longer spin-lattice relaxation time T1, i.e.,
for PFTE. Therefore, D1 was 25 s (3 s is enough for conventional fluorinated carbons).

Nitrogen adsorption isotherms were measured at a temperature of 77 K using a
Micromechanics ASAP 2020 automatic apparatus. Before measurements, samples were
pre-treated under a secondary vacuum at a temperature of 300 ◦C for 2 h for the sufficient
removal of adsorbed impurities.

3.3. XRD Size Characterization

X-ray diffraction (XRD) data were collected using the ID28 diffractometer at ESRF [37]
with a PILATUS3 1M area detector (at the X-ray wavelength λ = 0.784 Å). The samples were
packed in quartz capillaries with a diameter of ~200 µm. The data were reduced using SNBL
Toolbox [38] and Dioptas [39] software. The instrumental resolution was evaluated using
the LaB6 standard. The observed diffraction lines corresponded to the diamond lattice.
They showed significant size-related broadening and Lorentzian-like shapes, indicating a
broad distribution of sizes. Thus, the direct application of Sherrer’s equation may not have
been reliable. Instead, the line shape was analyzed by combining FW1/5M and FW4/5M,
as described in ref. [40], within the model of the Gamma distribution of nanoparticle sizes.
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3.4. Small-Angle Neutron Scattering and Quasi-Specular Neutron Reflection

Small-angle neutron scattering (SANS) on DND/F-DND samples was performed with
the D11 instrument [41] at the Institut Laue-Langevin (ILL) in Grenoble, France. More
information can be found in ref. [28].

The QSR of neutrons was studied using the D17 [42] instrument. The neutron spectrum
was measured using the time-of-flight method; the range of wavelengths was 2–25 Å.
The neutron incidence angles were 1◦, 2◦ and 3◦. The measurement scheme of the D17
instrument is shown in Figure 2. The ND sample volume size was 100 × 50 × 5 mm3; the
sample was oriented vertically, meaning that 100 mm was oriented along the neutron beam,
and 50 mm was aligned vertically. The neutron beam was shaped by two diaphragms
located at a distance of 3.4 m from each other. The beam width was 0.1 mm, and the
angular spread in the horizontal plane was <0.1◦ for all neutron wavelengths. The beam
height in the vertical direction was 1 cm, and the beam angular divergence in the vertical
plane reached several degrees and depended on the neutron wavelength. The experimental
data coming from the detector were integrated along the detector vertical. Therefore, we
could analyze the angular distribution of neutrons reflected from the sample only in the
horizontal plane (the plane in Figure 2 perpendicular to the sample surface). The detector
had an active height and width of 473 × 250 mm2 and was placed 1 m from the sample to
cover the largest possible angle.
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4.1. Physicochemical Characterization of F-SCD 

Figure 2. Top view scheme of measurements of the QSR of neutrons from the powder of NDs. The
circled magnification shows a sample of ND powder (red) in a sample container. The double chopper
periodically interrupts the incident neutron beam, thus providing a pulsed neutron spectrum for
time-of-flight measurements. Various devices in front of the sample provide background suppression,
neutron transport and neutron beam collimation. A position-sensitive 3He detector (2D PSD) is
behind the sample. The arrow illustrates a neutron quasi-specularly reflected from the sample.

4. Experimental Results
4.1. Physicochemical Characterization of F-SCD

The 13C MAS spectrum of raw SCD (Figure 3a) exhibits a broad line centered at
120 ppm and was then assigned to amorphous sp2 C. Their high content is estimated
at ~29% using the fit of the spectrum (see the insert in Figure 3a), which is significantly
higher than that for DND because this resonance line was not observed in
refs. [32,33]. 1H to 13C cross-polarization acquisition also evidences those sp2 C, together
with diamond-type (CD), C-OH and C-H, according to the lines at 139, 120, 70 and 45 ppm,
respectively [27,32,43–45]. However, only CD, OH and C-H are observed for DND with
CP [32,43]. The line of diamond CD is observed in the single MAS and CP-MAS experi-
ments. Contrary to DND, sp2 C cannot be fully removed with fluorination for SCD. After
this treatment, the content of sp2 C decreases to ~19%. Due to weak interactions with the
neighboring C-F bonds, the chemical shift of sp3 C was 42 ppm for F-SCD rather than
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38 ppm in pure diamond. Regardless of the type of diamond, covalent C-F bonds are
formed during fluorination, as evidenced by the line at 84 ppm. The 19F→13C CP condition
evidences those better bonds. Because those measurements are not quantitative, the differ-
ences cannot be explained (C-F line is twice the CD one for F-SCD, whereas the intensity is
equal for F-DND).

Materials 2023, 16, x FOR PEER REVIEW 7 of 16 
 

 

in the diamond core at 1325 cm−1 is difficult to observe for SCD. Contrary to the case of 
DND [27,32,43], the completion of the removal of hydrogenated groups is not achieved 
because the corresponding bands are still present after fluorination but have attenuated 
intensities.  

 
Figure 3. (a) 13C MAS (10 kHz) spectra of raw and fluorinated SCD (1H→13C and 19F→13C CP were 
also used for raw and fluorinated samples); (b) 1H MAS (14 kHz); (c) 19F MAS (14 kHz) spectra. 

 
Figure 4. Adsorption and desorption isotherms of SCD (left) and F-SCD (right). 

Figure 3. (a) 13C MAS (10 kHz) spectra of raw and fluorinated SCD (1H→13C and 19F→13C CP were
also used for raw and fluorinated samples); (b) 1H MAS (14 kHz); (c) 19F MAS (14 kHz) spectra.

The content of H-containing groups (C-H and COH) is significantly higher in SCD
than that in DND [32,43] (Figure 3b). For DND, a weak line is observed in addition to
the ones of an empty rotor, as seen in refs. [32,43]. The H content in F-SCD decreases
significantly after fluorination, and the line almost disappears.

The fluorination of SCD results in two types of C-F bonds: fluorine bonded on sp3 C
atoms, similar to F-DND [27,32,43,45] (−164 ppm, denoted by C(sp3)-F in Figure 3c), but
also C-F bonds in fluorinated amorphous carbons (−190 ppm, C(ex-sp2)-F. Ex-sp2 means
sp2 hybridization before fluorination. The latter C-F bonds exhibit δ19F similar covalent
(CF)n-type graphite fluoride, i.e., −190 ppm. The intensity of the line at 120 ppm that is
assigned to the CF2 groups is higher for F-SCD than that for F-DND, in accordance with
the non-completion of decomposition under the F2 gas of the amorphous sp2 shell. The
number of perfluorinated sheet edges (with CF2) is low but not negligible in the residual
fluorinated layer for F-SCD. Because of the very low extent of the sp2 C shell on the DND
surface, the amount of C(ex-sp2)-F bonds (δ19F = −190 ppm) resulting from this shell is
low, and the fluorinated carbons are formed mainly from the conversion of C-OH and/or
C-H groups [27,32,43]. Quantification using the fit of 19F spectra with four Lorentzian lines
(C(sp3)-F, C(ex-sp2)-F, CF2 of F-DND or F-SCD, and CF2 of PTFE as an internal reference)
allows a chemical composition of CF0.097 to be found for F-DND, with two types of C-F
bonds: CF0.079±0.005 for C(sp3)-F and CF0.018±0.005 for C(ex-sp2)-F. The ratio C(sp3)-F/C(ex-
sp2)-F is then equal to 81/19 [27]. A ratio of 76/24 and the total composition of CF0.080±0.005
are found for F-SCD. The differences in the ratio and fluorine content may be related to
the specific surface area. The Brunauer–Emmett–Teller (BET) surfaces are 281 [43] and
88 m2·g−1 for DND and SCD, respectively. More of the surface is accessible to fluorine
gas, explaining higher F/C ratios in F-DND. However, the sp2 C is not accessible to F2 in
SCD. The isotherm and pore size distribution curves are nearly the same for DND and SCD
(Figure 4 for SCD and ref. [43] for DND). As the porosity is essentially inter-particular, the
shapes of the N2 isotherms at a temperature of 77 K are type IV isotherms, which are typical
for mesoporous materials according to the classification of Brunauer, Deming, Deming
and Teller (BDDT) [46]. The hysteresis loop is of the H2 type, related to interconnected
mesopores [47]. Neither the BET surface nor the pore size distribution is changed by the
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fluorination. The shapes of the isotherms are close, and the BET surface is 84 m2·g−1 after
fluorination for F-SCD.
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Infrared spectroscopy data confirm the dual nature of C-F bonds because of the broad-
ening of the vibration band of C-F in the 900–1300 cm−1 range (Figure 5). For raw SCD,
although the spectrum is less defined because of the conductive carbonaceous shell on
the diamond core (as seen by NMR), the assignments are similar to that of DND [32,43].
The broad bands in the 3280–3675 cm−1 (Figure 5b) range and at 1640 cm−1 (Figure 5a)
are related to O-H stretching and bending vibrations, respectively. C-H can also be un-
derlined by the presence of the line at 2900 cm−1 [32,43,48–51]. The band of the C-C
vibration in the diamond core at 1325 cm−1 is difficult to observe for SCD. Contrary to
the case of DND [27,32,43], the completion of the removal of hydrogenated groups is not
achieved because the corresponding bands are still present after fluorination but have
attenuated intensities.
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As a partial conclusion for the physicochemical properties, F-DND and F-SCD exhibit
similarities in fluorine content and in the dual nature of the C-F bonds but also differences
because F-SCD contains residual sp2 C and H, which are likely not accessible for fluorine
gas, contrary to F-DND. Nevertheless, the main difference is the size of the diamond
core, i.e., 4–5 nm and around 15 nm for DND and SCD, respectively. The fluorination of
nanodiamonds does not significantly change the crystallite size [27,32].
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4.2. XRD Size Characterization

The XRD results for the SCD sample are shown in Figure 6. The results for DND and
F-DND samples were the same as reported in ref. [35] and other previous publications.

Materials 2023, 16, x FOR PEER REVIEW 8 of 16 
 

 

 
Figure 5. IR spectra of raw and fluorinated SCD in the two ranges of interest (a,b). 

As a partial conclusion for the physicochemical properties, F-DND and F-SCD exhibit 
similarities in fluorine content and in the dual nature of the C-F bonds but also differences 
because F-SCD contains residual sp2 C and H, which are likely not accessible for fluorine 
gas, contrary to F-DND. Nevertheless, the main difference is the size of the diamond core, 
i.e., 4–5 nm and around 15 nm for DND and SCD, respectively. The fluorination of nanodi-
amonds does not significantly change the crystallite size [27,32]. 

4.2. XRD Size Characterization 
The XRD results for the SCD sample are shown in Figure 6. The results for DND and 

F-DND samples were the same as reported in ref. [35] and other previous publications.  

 
Figure 6. XRD results for the SCD sample. (Left): 400 diffraction line shape and its fit. The noise 
level is comparable to the line thickness. (Right): Evaluated ND size distribution function [40]. 

Diffraction line 400 was used for the evaluation of the ND size distribution following 
the procedure related to the Scherrer formula, as detailed in ref. [40]. Thus, the obtained 
parameters were <D> ≈ 15 nm and σ ≈ 11 nm. Upon weighting the size probability distri-
bution (Figure 6) by ND particle mass, <D4>/<D3>, we obtained ~40 nm, in agreement with 
the preliminary estimation of the Ferran company, as shown in Figure 1. 

4.3. Quasi-Specular Neutron Reflection 
The probability of the QSR of neutrons is shown in Figure 7 for raw and fluorinated 

NDs with diamond core diameters of ~4.3 nm and ~15.0 nm. The scattered intensity is 

Figure 6. XRD results for the SCD sample. (Left): 400 diffraction line shape and its fit. The noise level
is comparable to the line thickness. (Right): Evaluated ND size distribution function [40].

Diffraction line 400 was used for the evaluation of the ND size distribution following
the procedure related to the Scherrer formula, as detailed in ref. [40]. Thus, the obtained
parameters were <D> ≈ 15 nm and σ ≈ 11 nm. Upon weighting the size probability
distribution (Figure 6) by ND particle mass, <D4>/<D3>, we obtained ~40 nm, in agreement
with the preliminary estimation of the Ferran company, as shown in Figure 1.

4.3. Quasi-Specular Neutron Reflection

The probability of the QSR of neutrons is shown in Figure 7 for raw and fluorinated
NDs with diamond core diameters of ~4.3 nm and ~15.0 nm. The scattered intensity is
displayed as a function of the neutron wavelength and the scattering angle in the direction
perpendicular to the plane of the sample surface (integrated over the angle of scattering in
the sample surface plane).

The narrow vertical line of intensity with a reflection angle of 1◦ in Figure 7a–d
corresponds to the specular reflection of neutrons from the thin Si window of the sample
container, which allowed for checking the correct alignment of the sample.

Figure 8 shows the probability of neutron detection for different angles of incidence as
a function of neutron wavelength integrated over all reflection angles within the angular
acceptance of the detector.

The angular distribution of quasi-specularly reflected neutrons is shown in Figure 9.
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Figure 7. Probability of neutron scattering from the surface of ND samples as a function of the
neutron wavelength (vertical axis) and the scattering angle in the direction perpendicular to the plane
of the sample (horizontal axis). Different colors are scaled to the proportion of neutrons registered
in the detector normalized by the incident beam flux. Samples: (a) DND; (b) SCD; (c) F-DND;
(d) F-SCD. In all cases, the angle of incidence of the neutron beam onto the sample was 1◦.
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Figure 9. Differential probability of neutron scattering (vertical axis) as a function of the reflection
angle (horizontal axis) within the angular acceptance of the D17 detector. Samples and wavelength
ranges: (a) DND, 2–6 Å; (b) SCD, 2–6 Å; (c) DND, 6–10 Å; (d) SCD, 6–10 Å; (e) F-DND, 2–6 Å;
(f) F-SCD, 2–6 Å; (g) F-DND, 6–10 Å; (h) F-SCD, 6–10 Å. For all cases, the angle of incidence was 1◦.



Materials 2023, 16, 703 12 of 16

5. Simulation of Quasi-Specular Reflection

We developed a method for simulating the transport of slow neutrons in ND pow-
ders, as described in refs. [28,34,35]. NDs are described by an optical potential. Neutron
diffraction by their crystal structures is not taken into account. The implementation of
this method is based on the SANS data on the ND powder under study. Such data were
measured for the DND and F-DND samples but not for the SCD and F-SCD samples. To
check the correctness of our calculations, we simulated the experimental geometry with the
F-DND sample, taking into account the sizes and density of the sample and the detector
area. The accuracy of the calculation of the total probability of reflected neutrons hitting
the detector (Figure 7) was limited by the accuracy of knowing the angular divergence of
the beam in the vertical direction. However, with good accuracy, we could calculate the
angular dependencies of the reflected neutrons in the plane perpendicular to the sample,
which are weakly affected by the beam divergence in the plane parallel to the sample
surface. Figure 10 shows the results of calculations and measurements for three neutron
wavelengths (2.5 Å, 4.5 Å and 8.5 Å) at an angle of incidence of 1◦.
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three wavelengths: (a) 2.5 Å, (b) 4.5 Å and (c) 8.5 Å. In all cases, the angle of incidence was 1◦.

Figure 10 shows that, for wavelengths of 4.5 Å and 8.5 Å, the results of calculations
and measurements almost completely coincided. The same agreement was observed for
all wavelengths greater than ~4.12 Å, for the diffraction cutoff of the (111) plane in the
diamonds and for angles of incidence of 2◦ and 3◦. For 2.5 Å, the results were different,
which is explained by the effect of neutron diffraction on the crystal lattice of diamonds
below the diffraction cutoff.

These results show that our simulation was reliable for wavelengths > 4.12 Å, and we
could use it to predict the properties of ND reflectors for neutrons. Figure 11 shows the
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results of the simulation of the reflectivity and angular spread of neutrons reflected from
a monodisperse ND powder as a function of ND size. The reflector had the same shape
as that in the experiment (100 × 50 × 5 mm3). The powder density was 0.29 g/cm3 in all
cases. In contrast to the previous case, we counted all reflected neutrons emitted from the
reflector surface. The angle of incidence in the simulation was set to 1◦.
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correspond to 8 Å. The angle of incidence was set to 1◦ in the simulations.

Figure 11a shows that, for each neutron wavelength, there was a certain optimal ND
size at which the reflectivity reached a maximum. The latter depended on the geometric
sizes of the reflector, its density and the number of impurities in the powder. However,
increasing the ND diameter in the investigated range of parameters increases the reflectivity.
Figure 11b shows that, as the ND size became larger, the angular distribution of the reflected
neutrons became narrower.

6. Analysis of Experimental Results

The common features of the observed QSR are the following:

1. The results in Figures 7 and 9 and the performed simulations show that the angular
spreads of QSR neutrons are significantly smaller for (F-)SCD samples than those for
(F-)DND, which is explained by the smaller scattering angles on individual NDs.

2. The results in Figures 7 and 8 show that, above the cutoff limit (~4.12 Å) for diffraction
scattering on the crystal lattice of the diamond, the probability of QSR weakly depends
on the wavelength, and below this limit, it drops sharply. This is due to the following
reasons. Above this limit, the probability of QSR does not depend on the interaction
of neutrons with the crystal structure of the diamond. It is determined by SANS on
ND particles as a whole and by the neutron losses resulting from capture, inelastic
scattering, incoherent scattering to large angles, the penetration of a part of the
incident beam through the sample due to its finite volume, etc. Below the cutoff,
neutrons scatter on the crystal lattices of NDs and experience intense scattering with
large angles, leading to their loss from their QSR channel. Moreover, the probability
of SANS by ND particles starts to rapidly decrease with decreases in the neutron
wavelength. Thus, such neutrons can easily penetrate through the sample.

3. The much higher proportion of H in the DND and SCD powders compared to the
F-DND and F-SCD powders results in a significantly lower probability of QSR. This is
explained by the loss of neutrons due to incoherent scattering on H. This effect is most
noticeable for short neutron wavelengths, because such neutrons penetrate deeper
into the powder upon reflection.
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In this work, we did not develop an exact quantitative description of all the features
of QSR for all parameters of the problem due to its complexity and also due to the fact that
the approach we chose seems sufficient for reliable qualitative conclusions and estimations.
However, we would like to enumerate the conditions under which the exact quantitative
description of the problem may become possible in the future, as follows: the inclusion of
neutron diffraction on the crystal lattice; taking into account the structure, size distribution
and small size of the ND itself; conducting a QSR experiment to detect all neutrons scat-
tered in the 4-π angle (this option is not available for reflectometers); taking into account
interference between simultaneous scattering on the shape of an ND and on its crystal
structure; etc.

7. Conclusions

As expected from our previous measurements of the QSR of neutrons from DND
powders and from our model understanding of this process, the angular spread of reflected
neutrons and the probability of QSR depend significantly on the size of the ND in the
powder. We have experimentally shown that the angular spread of QSR neutrons is smaller
when using larger NDs (SCD, ~15.0 nm) than standard DNDs (~4.3 nm). A comparison
of our simulation with measurements showed that we can calculate with a high accuracy
the QSR for neutrons with wavelengths greater than the diamond diffraction cutoff of
~4.12 Å. With larger ND sizes, the angular spread of reflected neutrons is narrower, a
tendency that is valid up to much larger sizes. The QSR showed a maximum which
corresponds to an optimal ND size, taking into account contributions from the geometric
size of the reflector, its density and the number of impurities in the powder. Optimum ND
diameters depend on the neutron wavelength and can be estimated as ~10–20 nm. The
effect of the fluorination of larger NDs on reflectivity is important; thus, further increasing
the efficiency of their fluorination is of particular interest.

Author Contributions: Conceptualization, M.D., E.L., A.M., G.N., V.N., A.N., A.S., K.T. and K.Z.;
methodology, A.B., M.D., E.K., E.L., A.M., G.N., V.N., A.N., T.S., R.S., A.S., K.T. and K.Z.; software,
A.B., A.N., T.S., R.S. and K.Z.; validation, A.B., M.D., E.K., E.L., A.M., G.N., V.N., A.N., T.S., R.S., A.S.,
K.T. and K.Z.; formal analysis, A.B., M.D., V.N. and A.N.; investigation, A.B., M.D., E.K., E.L., A.M.,
G.N., V.N., A.N., T.S., R.S., A.S., K.T. and K.Z.; data curation, A.B., M.D., A.N., T.S., R.S. and K.Z.;
writing—original draft preparation, A.B., M.D. and V.N.; writing—review and editing, E.K., E.L.,
A.M., V.N. and A.N.; visualization, A.B., M.D., A.N. and K.Z.; funding acquisition, M.D., E.L. and
V.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by grants ANR-20-CE08-0034, RFFI-18-29-19039 and ERC IN-
FRASUP P-2019-1/87072.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Neutron data were obtained from experiments http://doi.ill.fr/10.5
291/ILL-DATA.3-07-386, http://doi.ill.fr/10.5291/ILL-DATA.3-07-403, http://doi.ill.fr/10.5291/
ILL-DATA.TEST-2772, http://doi.ill.fr/10.5291/ILL-DATA.EASY-977 with D17, D11 and PF1B [52]
instruments at ILL, Grenoble, France.

Acknowledgments: We are grateful to Philipp Gutfreund for his help with the measurements with
the D17 instrument at ILL, to Alexandra Chumakova for her help with the measurements with the
ID28 instrument at ESRF, to Dmitry Shapiro for his advice on the structural factors of diamonds and
to Sayabek Sakhiev for supporting this research.

Conflicts of Interest: The authors declare no conflict of interest.

http://doi.ill.fr/10.5291/ILL-DATA.3-07-386
http://doi.ill.fr/10.5291/ILL-DATA.3-07-386
http://doi.ill.fr/10.5291/ILL-DATA.3-07-403
http://doi.ill.fr/10.5291/ILL-DATA.TEST-2772
http://doi.ill.fr/10.5291/ILL-DATA.TEST-2772
http://doi.ill.fr/10.5291/ILL-DATA.EASY-977


Materials 2023, 16, 703 15 of 16

References
1. Sheng, P. Scattering and Localization of Classical Waves in Random Media; World Scientific: Singapore, 1990.
2. Ishimaru, A. Wave Propagation and Scattering in Random Media, 1st ed.; John Wiley & Sons Inc.: Hoboken, NJ, USA, 1999.
3. Schelten, J.; Shmatz, W. Multiple-scattering treatment for small-angle scattering problems. J. Appl. Crystallogr. 1980, 13, 385.

[CrossRef]
4. Maleev, S.V.; Toperverg, B.P. Low-angle multiple scattering by static inhomogeneities. JETP 1980, 51, 158.
5. Feigin, L.A.; Svergun, D.I. Structure Analysis by Small-Angle X-ray and Neutron Scattering, 1st ed.; Plenum Press: New York, NY,

USA, 1987; pp. 1–176.
6. Sabine, T.M.; Bertram, W.K. The use of multiple-scattering data to enhance small-angle neutron scattering experiments.

Acta Crystallogr. A 1999, 55, 500. [CrossRef]
7. De Carli, P.J.; Jameieson, J.C. Formation of diamond by explosive shock. Science 1961, 133, 1821. [CrossRef]
8. Aleksenskii, A.E.; Baidakova, M.V.; Vul’, A.Y.; Siklitskii, V.I. The structure of diamond nanoclusters. Phys. Solid State. 1999,

41, 668. [CrossRef]
9. Nesvizhevsky, V.V. Interaction of neutrons with nanoparticles. Phys. At. Nucl. 2002, 65, 400. [CrossRef]
10. Artem’ev, V.A. Estimation of neutron reflection from nanodispersed materials. At. Energy 2006, 101, 901. [CrossRef]
11. Nesvizhevsky, V.V.; Lychagin, E.V.; Muzychka, A.Y.; Strelkov, A.V.; Pignol, G.; Protasov, K.V. The reflection of very cold neutrons

from diamond powder nanoparticles. Nucl. Instrum. Methods Phys. Res. Sect. A 2008, 595, 631–636. [CrossRef]
12. Lychagin, E.V.; Muzychka, A.Y.; Nesvizhevsky, V.V.; Pignol, G.; Protasov, K.V.; Strelkov, A.V. Storage of very cold neutrons in a

trap with nano-structured walls. Phys. Lett. B 2009, 679, 186–190. [CrossRef]
13. Remizovich, V.S. Theoretical description of elastic reflection of particles (photons) incident at grazing angles without the use of

the diffusion approximation. JETP 1984, 60, 290.
14. Nesvizhevsky, V.; Cubitt, R.; Lychagin, E.; Muzychka, A.; Nekhaev, G.; Pignol, G.; Protasov, K.; Strelkov, A. Application of

Diamond Nanoparticles in Low-Energy Neutron Physics. Materials 2010, 3, 1768–1781. [CrossRef]
15. Cubitt, R.; Lychagin, E.; Muzychka, A.; Nekhaev, G.; Nesvizhevsky, V.; Pignol, G.; Protasov, K.; Strelkov, A. Quasi-specular

reflection of cold neutrons from nano-dispersed media at above-critical angles. Nucl. Instrum. Methods Phys. Res. Sect. A 2010, 622,
182–185. [CrossRef]

16. Lychagin, E.V.; Muzychka, A.Y.; Nesvizhevsky, V.V.; Nekhaev, G.V.; Pignol, G.; Protasov, K.V.; Strelkov, A.V. Coherent scattering
of slow neutrons at nanoparticles in particle physics experiments. Nucl. Instrum. Methods Phys. Res. Sect. A 2009, 611, 302–305.
[CrossRef]

17. Nesvizhevsky, V.V. Reflectors for VCN and applications of VCN. Rev. Mex. Fis. 2010, 57, 1–5.
18. Jamalipour, M.; Zanini, L.; Gorini, G. Directional reflection of cold neutrons using nanodiamond particles for compact neutron

sources. Eur. Phys. J. Web Conf. 2020, 231, 04003. [CrossRef]
19. Chernyavsky, S.M.; Dubois, M.; Korobkina, E.; Lychagin, E.V.; Muzychka, A.Y.; Nekhaev, G.V.; Nesvizhevsky, V.V.; Nezvanov,

A.Y.; Strelkov, A.V.; Zhernenkov, K.N. Enhanced directional extraction of very cold neutrons using a diamond nanoparticle
powder reflector. Rev. Sci. Instrum. 2022, 93, 123302. [CrossRef]

20. Nesvizhevsky, V.V. Why very cold neutrons could be useful for neutron-antineutron oscillation searches. J. Neutron Res. 2022, 24,
223–227. [CrossRef]

21. Krylov, A.R.; Lychagin, E.V.; Muzychka, A.Y.; Nesvizhevsky, V.V.; Nekhaev, G.V.; Strelkov, A.V.; Ivanov, A.S. Study of bound
hydrogen in powders of diamond nanoparticles. Crystallogr. Rep. 2011, 56, 1186–1191. [CrossRef]

22. Ignatovich, V.K.; Nesvizhevsky, V.V. Reflection of Slow Neutrons from Nanorod Powder. At. Energy 2014, 116, 132–143. [CrossRef]
23. Nesvizhevsky, V.V.; Dubois, M.; Gutfreund, P.; Lychagin, E.V.; Nezvanov, A.Y.; Zhernenkov, K.N. Effect of nanodimond

fluorination on the efficiency of quasi-specular reflection of cold neutrons. Phys. Rev. A 2018, 97, 023629. [CrossRef]
24. Ersez, T.; Osborn, J.C.; Lu, W.; Mata, J.P. Small angle and inelastic scattering investigations of nanodiamonds. Phys. B 2018, 551,

278–282. [CrossRef]
25. Batsanov, S.S.; Osavchuk, A.N.; Naumov, S.P.; Gavrilkin, S.M.; Leskov, A.S.; Mendis, B.G.; Beeby, A.; Batsanov, A.S. Novel

synthesis and properties of hydrogen-free detonation nanodiamond. Mater. Chem. Phys. 2018, 216, 120–129. [CrossRef]
26. Teshigawara, M.; Tsuchikawa, Y.; Ichikawa, G.; Takata, S.; Mishima, K.; Harada, M.; Ooi, M.; Kawamura, Y.; Kai, T.; Ohira-

Kawamura, S.; et al. Measurement of neutron scattering cross section of nano-diamond with particle diameter of approximately 5
nm in energy range of 0.2 meV to 100 meV. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2019,
929, 113–120. [CrossRef]

27. Herraiz, M.; Batisse, N.; Dubois, M.; Nesvizhevsky, V.V.; Cavallari, C.; Brunelli, M.; Pischedda, V.; Radescu, S. A Multitechnique
Study of Fluorinated Nanodiamonds for Low-Energy Neutron Physics Applications. J. Phys. Chem. C 2020, 124, 14229–14236.
[CrossRef]

28. Bosak, A.; Dideikin, A.; Dubois, M.; Ivankov, O.; Lychagin, E.; Myzychka, A.; Nekhaev, G.; Nesvizhevsky, V.; Nezvanov, A.;
Schweins, R.; et al. Fluorination of diamond nanoparticles in slow neutron reflectors does not destroy their crystalline cores and
clustering while decresing neutron losses. Materials 2020, 13, 3337. [CrossRef] [PubMed]

29. Artem’ev, V.A.; Nezvanov, A.Y.; Nesvizhevsky, V.V. Precise calculations in simulations of the interaction of low energy neutrons
with nano-dispersed media. Crystallogr. Rep. 2016, 61, 84–88. [CrossRef]

http://doi.org/10.1107/S0021889880012356
http://doi.org/10.1107/S0108767398013543
http://doi.org/10.1126/science.133.3467.1821
http://doi.org/10.1134/1.1130846
http://doi.org/10.1134/1.1465480
http://doi.org/10.1007/s10512-006-0189-y
http://doi.org/10.1016/j.nima.2008.07.149
http://doi.org/10.1016/j.physletb.2009.07.030
http://doi.org/10.3390/ma3031768
http://doi.org/10.1016/j.nima.2010.07.049
http://doi.org/10.1016/j.nima.2009.07.086
http://doi.org/10.1051/epjconf/202023104003
http://doi.org/10.1063/5.0124833
http://doi.org/10.3233/JNR-220003
http://doi.org/10.1134/S1063774511070169
http://doi.org/10.1007/s10512-014-9830-3
http://doi.org/10.1103/PhysRevA.97.023629
http://doi.org/10.1016/j.physb.2018.04.027
http://doi.org/10.1016/j.matchemphys.2018.05.072
http://doi.org/10.1016/j.nima.2019.03.038
http://doi.org/10.1021/acs.jpcc.0c03083
http://doi.org/10.3390/ma13153337
http://www.ncbi.nlm.nih.gov/pubmed/32727005
http://doi.org/10.1134/S1063774516010028


Materials 2023, 16, 703 16 of 16

30. Grammer, K.B.; Gallmeier, F.X. The small-angle neutron scattering extension in MCNPX and the SANS cross section for
nanodiamonds. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2020, 953, 163226. [CrossRef]

31. Granada, J.R.; Damián, J.I.M.; Helman, C. Studies on Reflector Materials for Cold Neutrons. Eur. Phys. J. Web Conf. 2020,
231, 04002. [CrossRef]

32. Nesvizhevsky, V.V.; Köster, U.; Dubois, M.; Batisse, N.; Frezet, L.; Bosak, A.; Gines, L.; Williams, O. Fluorinated nanodiamonds as
unique neutron reflector. Carbon 2018, 130, 799–805. [CrossRef]

33. Nesvizhevsky, V.V.; Köster, U.; Dubois, M.; Batisse, N.; Frezet, L.; Bosak, A.; Gines, L.; Williams, O. Fluorinated nanodiamonds as
unique neutron reflector. J. Neutr. Res. 2019, 20, 81. [CrossRef]

34. Aleksenskii, A.; Bleuel, M.; Bosak, A.; Chumakova, A.; Dideikin, A.; Dubois, M.; Korobkina, E.; Lychagin, E.; Muzychka, A.;
Nekhaev, G.; et al. Clustering of diamond nanoparticles, fluorinaton and efficiency of slow neutron reflectors. Nanomaterials 2021,
11, 1945. [CrossRef]

35. Aleksenskii, A.; Bleuel, M.; Bosak, A.; Chumakova, A.; Dideikin, A.; Dubois, M.; Korobkina, E.; Lychagin, E.; Muzychka, A.;
Nekhaev, G.; et al. Effect of particle sizes on the efficiency of fluorinated nanodiamond neutron reflectors. Nanomaterials 2021,
11, 3067. [CrossRef]

36. Landau, L.D.; Lifshitz, L.M. Quantum Mechanics. Non-Relativistic Theory, 3rd ed.; Butterworth-Heinemann: Oxford, UK, 1981;
Volume 3.

37. Girard, A.; Nguyen-Thanh, T.; Souliou, S.M.; Stekiel, M.; Morgenroth, W.; Paolasini, L.; Minelli, A.; Gambetti, D.; Winkler, B.;
Bosak, A.A. A new diffractometer for diffuse scattering studies on the ID28 beamline at the ESRF. J. Synchrotron Radiat. 2019, 26,
272–279. [CrossRef]

38. Dyadkin, V.; Pattison, P.; Dmitriev, V.; Chernyshov, D. A new multipurpose diffractometer PILATUS@SNBL. J. Synchrotron Radiat.
2016, 23, 825–829. [CrossRef] [PubMed]

39. Prescher, C.; Prakapenka, V.B. DIOPTAS: A program for reduction of two-dimensional X-ray diffraction data and data exploration.
High Press. 2015, 35, 223–230. [CrossRef]

40. Pielaszek, R. FW15/45M method for determination of the grain size distribution from poder diffraction line profile. J. Alloy.
Compd. 2004, 382, 128–132. [CrossRef]

41. Linder, P.; Schweins, R. The D11 small-angle scattering instrument: A new benchmark for SANS. Neutron News 2010, 21, 15.
[CrossRef]

42. Saerbeck, T.; Cubitt, R.; Wildes, A.; Manzin, G.; Andersen, K.H.; Gutfreund, P. Recent upgrades of the neutron reflectometer D17
at ILL. J. Appl. Crystall. 2018, 51, 249–256. [CrossRef]

43. Dubois, M.; Guérin, K.; Batisse, N.; Petit, E.; Hamwi, A.; Komatsu, N.; Kharbache, H.; Pirotte, P.; Masin, F. Solid State NMR study
of nanodiamond surface chemistry. Solid State Nucl. Magn. Reson. 2011, 40, 144–154. [CrossRef]

44. Dubois, M.; Guerin, K.; Petit, E.; Batisse, N.; Hamwi, A.; Komatsu, N.; Giraudet, J.; Pirotte, P.; Masin, F. Solid-state NMR study of
nanodiamonds produced by the detonation technique. J. Phys. Chem. C 2009, 113, 10371–10378. [CrossRef]

45. Panich, M.A.; Vieth, H.-M.; Shames, A.I.; Froumin, N.; Osawa, E.; Yao, A. Structure and bonding in fluorinated nanodiamond.
J. Phys. Chem. C 2010, 114, 774–782. [CrossRef]

46. Brunauer, S.; Deming, L.S.; Deming, W.E.; Teller, E. Adsorption of gases in multimolecular layers. J. Am. Chem. Soc. 1938, 60, 809.
47. Sing, K.S.W.; Everett, D.H.; Haul, R.A.W.; Moscou, L.; Pierotti, R.A.; Rouquerol, J.; Siemieniewska, T. Physical and biophysical

chemistry division commission on colloid and surface chemistry including catalysis. IUPAC Appl. Chem. 1985, 57, 603–619.
48. Osswald, S.; Yushin, G.; Mochalin, V.; Kucheyev, S.O.; Gogotsi, Y. Control of sp2/sp3 carbon ratio and surface chemistry of

nanodiamond powders by selective oxidation in air. J. Am. Chem. Soc. 2006, 128, 11635–11642. [CrossRef]
49. Spitsyn, B.V.; Denisov, S.A.; Skorik, N.A.; Chopurova, A.G.; Parkaeva, S.A.; Belyakova, L.D.; Larionov, O.G. The physical–

chemical study of detonation nanodiamond application in adsorption and chromatography. Diam. Relat. Mater. 2010, 19, 123–127.
[CrossRef]

50. Xua, X.; Yu, Z.; Zhu, Y.; Wang, B. Influence of surface modification adopting thermal treatments on dispersion of detonation
nanodiamond. J. Solid. St. Chem. 2005, 178, 688–693.

51. Mitev, D.; Dimitrova, R.; Spassova, M.; Minchev, C.; Stavrev, S. Surface peculiarities of detonation nanodiamonds in dependence
of fabrication and purification methods. Diam. Relat. Mater. 2007, 16, 776–780. [CrossRef]

52. Abele, H.; Dubbers, D.; Häse, H.; Klein, M.; Knöpfler, A.; Kreuz, M.; Lauer, T.; Märkisch, B.; Mund, D.; Nesvizhevsky, V.; et al.
Characterization of a ballistic supermirror neutron guide. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect.
Assoc. Equip. 2006, 562, 407–417. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.nima.2019.163226
http://doi.org/10.1051/epjconf/202023104002
http://doi.org/10.1016/j.carbon.2018.01.086
http://doi.org/10.3233/JNR-180090
http://doi.org/10.3390/nano11081945
http://doi.org/10.3390/nano11113067
http://doi.org/10.1107/S1600577518016132
http://doi.org/10.1107/S1600577516002411
http://www.ncbi.nlm.nih.gov/pubmed/27140164
http://doi.org/10.1080/08957959.2015.1059835
http://doi.org/10.1016/j.jallcom.2004.05.040
http://doi.org/10.1080/10448631003697985
http://doi.org/10.1107/S160057671800239X
http://doi.org/10.1016/j.ssnmr.2011.10.003
http://doi.org/10.1021/jp901274f
http://doi.org/10.1021/jp9078629
http://doi.org/10.1021/ja063303n
http://doi.org/10.1016/j.diamond.2009.10.020
http://doi.org/10.1016/j.diamond.2007.01.005
http://doi.org/10.1016/j.nima.2006.03.020

	Introduction 
	Samples 
	Experimental Methods 
	Fluorination of SCD 
	Physicochemical Characterization of F-SCD 
	XRD Size Characterization 
	Small-Angle Neutron Scattering and Quasi-Specular Neutron Reflection 

	Experimental Results 
	Physicochemical Characterization of F-SCD 
	XRD Size Characterization 
	Quasi-Specular Neutron Reflection 

	Simulation of Quasi-Specular Reflection 
	Analysis of Experimental Results 
	Conclusions 
	References

