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Abstract: In order to establish scatteringmeasurements inmaterial investigations for gravitational-
wave detectors, we have built-up devices for measuring the hemispherical scattering distribution
of materials which are planned to be used in those detectors as suppressors of scattered light. The
measurement benches we have built, a hemispherical goniometer and a direct back-scatterometer,
have a maximum background noise of ∼10−4sr−1 BRDF at 1.064 µm wavelength which is
the wavelength of the laser-light for our large interferometer for detecting gravitational waves,
KAGRA. With these instruments, we have characterized the surface scattering of, e.g., NiP
platings, metals, and different carbonaceous coatings, which are supposed to minimize the
amount of scattered light in interferometers. The three most important materials for KAGRA’s
construction (SiC, “Solblack”, and “VantaBlack”) are presented in this paper. Furthermore,
we will try to explain the scattering distributions with the generalized Harvey-Shack model
(smooth-surface approximation) which is a common method for surface-scattering calculations.
At the end, we give also some valuations about the vacuum compatibility of the materials, which
is important for instruments like KAGRA that work under ultra-high vacuum conditions.
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1. Introduction

Many applications in the wide field of optics and material science are focused on the influence of
surfaces on the propagation of light. Moreover, to know the spatial distribution of either reflected
or transmitted light has become very important also in 3-D computer-graphics design (see for
instance [1, 2]). In particular, constraints for modern high-precision optical systems become
tighter and tighter. A popular example are interferometric gravitational-wave detectors like LIGO
in the USA, VIRGO in Italy, and KAGRA in Japan, and their future generations. Light scattering
is already an important issue for such instruments and it is reasonable to assume that in the future
the influence of scattering will become an even bigger problem. The first step to take measures
against these problems is a proper understanding of the scattering from the optical components
in such systems.
Usually, vector perturbation methods like those from Rayleigh-Rice (RR) or scalar methods
like the General Harvey-Shack (GHS) theory are used [3, 4] to model the expected angular
distribution of scattered light. However, all these models rely on input data which have to be
determined by measurements, especially the surface power-spectral density (PSD), and have
restricted application ranges. Note that the absolute values of the spatial frequency from which
the PSD is a function need to be smaller than 1/λ for the models to be valid [3]. Therefore, direct
measurements of the scattering especially at wide scattering angles are still important. Also,
reference data, again to be determined by measurements, are needed to compare the respective
model with reality. For surfaces, however, for which no metrology is available or applicable (e.g.,
surfaces of high-roughness or absorption), an analysis of the theoretical scattering is indeed quite
difficult.
In order to get information regarding the scattering also from those materials/surfaces, a direct
measurement of the scattering is often unavoidable. These measurements can be done basically



either in an integrating sphere or by a goniometer, providing data either of the whole scattered
power or the angular distribution of the scattered light which give complementary information, of
course. Integrating spheres are very common and a lot of commercial instruments exist that can
provide the integrated scattered power. In contrast, a goniometer that meets our specifications
was harder to find (although existing in other institutes, e.g., in LIGO or as presented in [5]) and
we decided to upgrade an already existing goniometer at our institute to our needs. Henceforth,
when we speak about scatter goniometers, we will use the more handy term scatterometer.
In this paper, we will present results on the performance of our scatterometer and in measuring
the scattered light from different samples which are of particular interest in high-sensitivity
interferometers. Our goal was not only to get information on the hemispherical distribution of
the scattering but also on the directly back-scattered light field, the so called back-scattering.
Therefore, in section number two, we will introduce the two devices that we constructed beginning
with the device for the hemispherical distribution of scattering light. In section three, we will
present measurements on three materials that are promising for the usage as special beam dumps
and baffles in the gravitational wave detector KAGRA: silicon carbide (SiC), “Solblack” , and
“VantaBlack”, in order to show the usability of these instruments. In addition, in section four, we
will compare the measurements with theoretically calculated values to proof their consistency. The
paper is closed with a discussion about the actual usability of those materials in gravitational-wave
detectors.

2. Measurement setup

2.1. Spatial distribution of scattering light

When an incoming light field hits a surface, a part of it will be reflected back into the surrounding
medium. Except for the specular reflection, in any other direction reflected light is called here
scattered light. Its spatial distribution is strongly depending on the specific surface properties
which are usually treated statistically with the aid of the PSD of this surface. Theories on how to
calculate this distribution according to the PSD can be found in the literature [3, 6, 7].
As mentioned already, our goal was to construct a device that can measure the spatial distribution
of scattering light in an angular field as wide as possible. A sketch of our instrument is shown in
Fig. 1. We are using a photodiode (PD), that rotates within -90°and 90°latitude around the impact-
point of the incoming light-field on a sample’s surface. Additionally, the sample’s orientation in
space can be changed on two axes: full rotation around themounting axis of the optical table, where
the whole device is installed and ∼ 10° rotation around the axis perpendicular to the mounting
axis and the sample’s surface-normal. However, since the second rotation can be done only with
very small accuracy, we used this possibility just for a fine-adjustment of the surface orientation
and fixed the axis during a measurement. With this setup it is possible to do hemispherical
scattering measurements for any angle-of-incidence (AOI) along the plane-of-incidence.
The light source is provided by a 16mW fiber laser at 1.064 µm wavelength which is guided
through a λ/4 and a λ/2 plate, followed by a polarizing beam-splitter and another λ/2 plate,
to control the alignment of the (linear) polarized light and its power. The Gaussian beam is
subsequently focused by a lens (f=200mm) to reach a diameter of ∼0.5mm at the point of impact
on the sample. Focusing the beam is important to maintain a considerably high angular resolution
also around the specular direction which is important for some of our measurements. The chosen
lens focuses the beam in a balanced way, so that we have a reasonably small impact area but the
surface of our samples does not get harmed by the laser’s intensity (∼0.08W/mm2). The power
of the laser has been measured with a separate (calibrated) PD.
The sample-holder itself lies within a triangular shaped chamber with blackened inner walls
(see Fig. 1) to avoid influences from scattering light coming from the chamber itself. The laser
is chopped in its power amplitude by a lock-in amplifier to which also the PD is connected
( fchopping = 190Hz). This excludes the measurement from low-frequency noise sources like



ambient electronic devises and part of the PD’s dark-current, which is, without any lock-in amplifier
connected, about 2 nA. The current floor-noise of the whole system during a measurement is
∼ 20 pA.
The laser reaches the sample through a hole in one of the chamber walls (∅5mm). The PD itself
is mounted separately on an rotatable arm controlled by a stepping motor (“Oriental Motors Co.,
Ltd”) with at maximum 0.01° precision. The exact number of degrees is set manually with the
aid of a control program by “Oriental Motors Co., Ltd” installed on a personal computer. For
data taking and saving, the photo-current (IPC) measured by the PD is analyzed by a program
written in “LabView” on the same computer. Both programs usually run in parallel.
A common form of quantifying the spatial-distributed amount of scattering is the Bidirectional
ReflectionDistribution Function (BRDF) [3, 6, 7] whichmay be handled as a kind of generalization
of the reflection itself. From IPC and the distance of PD to impact point on the sample, we can
calculate the BRDF via

BRDFhsc =
IPC · nPC

Plaser · ∆Ω · cos θ
. (1)

∆Ω is the solid angle from the point of impact towards the surface of the receiver, in our case the
PD. θ is the scattering latitude relative to the samples normal, toward the receiver. The active
surface of the PD has a circular diameter of 1mm and its distance from the sample is variable
from 5 to 10.5 cm. For the calculations the “power-current ratio” or “quantum efficiency” (nPC)
of the diode is necessary to convert the current into received power. We can confirm that nPC is a
constant value of ∼ 4W/A in the range of power we are dealing with here. We used the same
laser as for the measurements to calibrate the PD in a separate setup where we focused the beam
on the PD’s surface. However, it should be noted that we did not repeat the calibration every time
before a measurement in order not to touch the setup.
The specular-reflection beam from the sample’s surface may produce additional diffuse light
fields inside the chamber when it hits the inner walls. Although they were blackened by a
scattering reducing surface (“Fine Shut”), it can only suppress the diffuse light-field down to
BRDF ∼ 10−4 sr−1 (as received by the PD). Therefore, we have placed a beam dump in the
reflected beam, consisting of an Aluminum plate covered with “VantaBlack”, a coating made of
vertical aligned carbon nano-tubes and claimed to be the blackest artificial material on Earth [8].
We took also measurements of this coating regarding its light-scatter properties and will present
the results in this paper. The measurement error due to dark-current and other electrical noises
can be estimated to be . 7.6 · 10−5/ cos θ sr−1 BRDF.

2.2. Measuring back-scattered light

Because of the hemispherical scatterometer’s setup, the PD will – if the scattering is measured
near the plane of incidence – block the incoming laser when its latitude approaches the AOI.
Hence, information about the light that scatters directly back toward the laser cannot be measured
with such an instrument.
Yet, for the purpose of analyzing materials regarding their scattering properties in a gravitational
wave detector like KAGRA, it is substantial to have information on the light that scatters back
directly to its source as this will have the biggest impact on the sensitivity of such detectors
[7]. The problem of back-scattering is not trivial. Surfaces having roughnesses that can not be
considered as smooth may have an increased scattering back toward the incident light that cannot
simply be predicted by hemispherical measurements [9].
Therefore, in order to get information also on the back-scattered light, we have built another
device with a fixed PD and a rotatable sample holder (Fig. 2). When the laser hits a sample,
the light scattered back toward the incoming beam is guided via a beam splitter to the PD. The
back-scattered light can be measured for AOIs between -60 and 60°. The calculation of the BRDF



Fig. 1. Sketch of the hemispherical scatterometer and the description of its basic elements.
The triangular shape has been chosen to provide additional traps for stray-light and to further
reduce the background scattering-noise.

is quite similar to the one given for the scatter-goniometer. We only have to take the beam splitter
into account through which both the incident laser and the back-scattered light passes:

BRDFbsc =
IPC · nPC

Plaser/4 · ∆Ω · cos θ
. (2)

Note that due to the existence of the beam-splitter in front of the sample, Plaser/4 is technically
the incident power to the sample. The denomination of the parameters is the same as in Eq. (1).
Only, the PD is now approximately 50 cm away from the sample while its circular diameter is the
same as for the hemispherical scatterometer. nPC is now ∼ 1.25W/A since we used a different
PD as for the hemispherical scatterometer. The laser provides a power of 24mW and is again
connected to a lock-in amplifier with the PD. On the sample-surface we find a beam-diameter of
∼1mm. Since we use a much smaller solid angle at a fixed position in the scattering hemisphere,
we judged a particular focusing not necessary.
As we are using a beam splitter to divide the scattered beam toward laser and detector, the
incoming beam is necessarily divided too. In order to avoid it hitting the chamber walls and
creating background radiation, we set a light-trap for the unused beam, consisting of an Aluminum
cylinder and a KG5 glass window oblique to the beam-direction. Furthermore, the walls of the
cylinder are blackened by soot. It is noteworthy that people in LIGO are using a different approach
with a mirror having a centered hole for the laser instead of a beam-splitter. However, strictly
spoken, they are not measuring the direct back-scattering but small-angle scattering [10].
A drawback of this method, however, is an additional scattering coming from the beam-splitter’s
coated surfaces when the main beam hits it. This scattered light is very likely to be the main
contributor to a diffuse light field inside the measurement chamber that limits the minimum BRDF
to be measured. A measurement of this light-field (without any sample and suppressing radiation
coming from the sample-chamber by using KG5 windows) resulted in ∼0.0024/ cos θ sr−1 BRDF,
which has been subtracted from the measurement results to get rid of its influence. However, this



Fig. 2. Sketch of the back-scatterometer and the description of its basic elements. The sample
holder is rotatable for changing the AOI. The beam dump in the upper part of the device is
one of the key-parts and has been designed as a light-trap.

procedure increases of course the relative error of the measurements especially for small BRDF
values. The overall influence of dark-current and other electrical noises can be estimated to be
∼ 3.71 · 10−5/ cos θ sr−1 BRDF.

3. Results of sample measurements

3.1. SiC

SiC has become quite attractive for the usage in high-temperature environments nowadays because
of its high thermal conductivity as well as its extreme chemical and thermal resistivity and
hardness. This is especially interesting for damping high-intensity laser radiation. SiC is in its
pure form colorless [11] but for a possible usage as a beam-trap in interferometers like KAGRA,
it needs to have a high absorptivity in the wavelength of the used laser (usually 1.064 µm).
In practice, the absorption of dielectric materials in near-infrared and visible wavelengths is
increased by impurities of metal ions [12]. In case of SiC these are mostly iron or aluminum
which give SiC a black-greenish color [13].
We have measured the scattering-light distribution of two samples with different polishing
(henceforth called SiC1 and SiC2). Both samples have been provided by the same company
and we are thus assuming a similar chemical composition and manufacturing process. As
measurements with ZYGO’s “NewView8000” metrology instrument show, the surface of both is
covered with holes of different diameters (from nm to µm scale). These holes appear from bubbles
filled with gas (see Fig. 3). The reason for the existence of bubbles is the actual manufacturing
method of sintering a SiC powder [14], which is often applied for commercial SiC. As can be also
seen from the same figure, these holes do not disappear after polishing. In Table 1, the average
height distribution, Ra, taken from several different spots on the surface is given for both samples.
Assuming a Gaussian height distribution, Ra' 0.8σrms, where σrms is the root-mean-square
surface roughness [9, 15], the polishing decreases Ra clearly by a factor of ∼30 – 70. The effect



Fig. 3. Image of the surface characteristics of the SiC1 (left) and SiC2 (right) samples taken
from the metrology measurements by the “NewView8000” instrument from ZYGO.

is already visible with bare eyes.

Table 1. Table showing the surface parameters that have been obtained with metrology
measurements on a Zygo-NewView 8000 instrument.

Parameter SiC1 SiC2 Solblack (SUS, BA)

Ra (in nm) 145 – 167 2 – 6 130 – 174

Due to the finer polishing, the total integrated scattering [3] is lower for sample SiC2. The
compared scattering probabilities of both samples for different AOIs along the plane of incidence
(POI) can be seen in Fig. 4. The black circles in the graphs mark the scattering probability
according to the back-scattering measurements with unpolarized light. For SiC2, the back-
scattering is lower as the hemispherical p-polarization results would suggest but is in a relatively
good agreement with the s-polarization curves. Such a distinction cannot be made for the SiC1
sample as the back-scattering value we took at AOI=20°,shows relatively good agreement with the
hemispherical scattering measurements in both polarizations. We took data in steps of 1° along
the longitude except for the peak around the specular reflection. There, we did the measurements
in steps of 0.02° (in an angular range of ±1° around the specular reflection).
The differences between the scattering of the s- and p-polarization for both samples are obviously
increasing as the AOI increases. The peak around the specular direction reaches a minimum for
p-polarized light, similar to the effect we can expect when approaching the Brewster-angle. Apart
from the differences between the peak heights of both samples, there is also a noticeable broad
bulge in the scattering distribution for SiC1 around those peak appearing in all AOIs. In this form,
the structure is not found for SiC2. Such a broad structure is typical for more roughly polished
surfaces and is due to the statistical distribution of the surface height in the spatial-frequency
space (this is reflected also in various theories about scattering, for an overview see [4]). For
SiC1, it turns out to be the dominant scattering source while for SiC2, just a hint of a bulge
may be found at latitudes very close to the specular reflection (within 20 – 30°). For wider
angles, however, the scattering seems to be dominated by a Lambertian-like distribution at around
0.001 sr−1 BRDF, possibly triggered by the holes and very steep structures in the SiC surface.
In a separate setup, we have measured the specular reflectance of both samples by using a
photometer with 1 cm diameter, standing approximately 8.3 cm away from the sample, which
was mounted on a rotatable holder for realizing different AOIs. The light source was again a
1.064 µm laser. In order to polarize the laser-light into p and s polarization, we used a similar
optical setup as for the hemispherical scatter-goniometer. The results of these measurements are
shown in Fig. 5. Also, the calculated reflectance from the scattering measurements are shown for
all AOIs for which we have taken data (in Fig. 4 the results for only three AOIs are shown). For



Fig. 4. Comparison of the scattering probabilities along the plane of incidence of the two
SiC samples at three different AOIs. The black dots mark the results of the back-scattering
measurements at the respective AOI.

the calculations, we assumed a symmetric scattering distribution around the specular peak in
all longitudes and latitudes and ran the integration in an angular area around the specular peak
which corresponds to the open angle of the photometer used for the reflectance measurements.
The results (encircled crosses in the figure) are generally in very good agreement to the measured
reflectance. Deviations may be found for wide AOIs in p-polarization, where a factor of ∼1.5 –
2 difference between measurement and integrated scattering occurred. Some of them may be
explainable by the low reflectance due to the Brewster minimum and the corresponding increased
measurement error. From the measurements we found such a minimum for the low-polished
sample, at around 65°AOI and for the high-polished sample at around 68°AOI (see Fig. 5).
A fit-function according to the Fresnel equations has been derived from the measured reflectance
data for SiC2. The result of the fit is drawn in the respective graph with a solid line. The
derived complex index of refraction is 2.52 + 0.14i. For SiC1, no suitable fit could be found as
apparently the stronger scattering weakens the specular reflection too much (compare particularly
the reflectance values at 10°AOI between both samples).



Fig. 5. Results of the reflectance measurements on both SiC samples and the comparison
with the integrated scattering around the specular peak.

3.2. “Solblack”

Electroless nickel-phosphorus (NiP) plating with subsequent oxidization is a long-established and
useful technique for making black surfaces [9, 16]. The NiP plating is featured by its robustness
against mechanical and chemical attacks while being comparably thin (∼10µm), and has a broad
application in industries [17]. In KAGRA’s case, a nickel-phosphorus-tungsten (NiPW) plating
is used for the black coatings of baffles [9]. The so called “Solblack” coating is manufactured
by the Asahi Precision© company and fulfills the main requirements for being used under the
conditions of a cryo-cooled vacuum laser-interferometer (sustainability against low temperatures,
low outgassing rate, etc.). Solblack is generally high absorbing but also relatively uniform in
scattering [9].
That is because of micro-fine fractal structures (a few µm deep) on the surface [9, 16, 18]
which give reason for a Lambertian scattering distribution as it appeared also for the SiC
samples (actually, NiP plating does show also on a larger scale a high porosity [18]). Metrology
measurements show indeed a lot of jagged structures in a micrometer and sub-micrometer height-
range as can be seen in Fig. 7. The roughness as measured with Zygo’s NewView instrument is
on a similar level as for the SiC1 sample (see Table 1) and is in total agreement with previous
works [9].
Here, we are using the same sample of Solblack that has been used also for the analysis in [9],
there indicated as “SUS, BA” meaning that it is Solblack on a stainless steel plate (SUS304 in
Japanese Industrial Standard, JIS) for which the surface has been bright-annealed. The steel plate
underneath the Solblack coating is very smooth (Ra≈13 – 17µm) and the wide-angle scattering
is less Lambertian than for Solblack on standard-polished Aluminum surfaces while the total
reflection is lower than for Aluminum. There are two reasons why we are treating this sample
again here. First, in the previous works we did not measure the direct back-scattering and the
hemispherical scattering in p-polarization. Thus, we aim for completeness by including these
measurements into the whole scattering scheme. Second, we did some minor upgrades to the
hemispherical scatterometer since 2017 which decreased the influence of the PD holder on the



Fig. 6. Scattering probability of the Solblack sample showing the hemispherical scattering
along the plane of incidence at 0, 20, 40, and 60°AOI. The black dots mark the results of the
back-scattering measurements at the respective AOI.

measured intensities especially around the specular peak. We think that these additional data will
give us also more insights regarding the analysis of the scattering curves (please refer to section 4
and especially Fig. 13).
In Fig. 6, the hemispherical scattering curves are shown for four different AOIs (0°, 20°, 40°,
and 60°) at two polarizations in a direct comparison. Obviously, the differences between the
polarization are increasing with increasing AOI, as one would expect with the approach to the
Brewster-angle, which Akutsu et al. [9] found to be around 53°. But not only the overall strength
of the BRDF is different, also the specific shape of the hemispherical scattering differs for the
two polarizations, very much in contrast to SiC. Especially prominent in the curves is a bulge
in s-polarization, symmetrically formed around the specular peak, which does not appear in
p-polarization. This bulge is becoming more and more prominent with increasing AOI. Notable is
also that there are no visible differences between both polarization for scattering angles below 0°.
Calculating the integrated scattering in the same angular range around the specular peak as done
for the SiC samples resulted in similar reflectance values as given in Akutsu et al. [9] (see Fig. 8).



Fig. 7. Surface structure as measured by Zygo’s NewView instrument on a Solblack sample.
The surface seems relatively smooth but there are many ∼ 1µm deep, steep structures visible
as well.

Fig. 8. Reflectance of the Solblack sample: measured (from [9]) and calculated from the
scattering data. Additionally, the theoretical reflectance according to the Fresnel-formula is
given (for p-polarization from [9], and for s- and p-polarization from the model calculations
treated in section 4.2.).

However, taking a much wider angular range (assuming a symmetrical distribution of scattering
around the specular peak), the values soon increase a lot toward a total reflectance of ∼3% for
small AOIs, which is approximately 10 times higher than the value given in [9]. Given in Fig. 8
are also Fresnel-curves calculated with a refraction index of 1.1 + 0.08i. This value has been
estimated according to the model describing the scattering (see also section 4.2.).
In addition to the hemispherical scattering data, the back-scattering probabilities are given as
black dots.

3.3. “VantaBlack”

Under the name “VantaBlack” a new type of black coating (high absorptive coatings) has been
published in 2014 by Surrey NanoSystems© [8].“Vanta” stands for Vertical Aligned Nanotube
Array and consists of carbon nanotubes of 20 – 30 µm length which are placed vertically on a



metal surface. This coating is claimed to be the blackest on Earth, and indeed the hemispherical
reflectivity of less than 1% in near infrared wavelength ranges is very low [8, 18]. With kind
permission of Surrey NanoSystems©, in 2016 we were granted with a sample of a VantaBlack
coated Aluminum plate for which we determined the hemispherical scattering in terms of the
scattering-probability for 4 different AOIs along the plane of incidence (see Fig. 9). Nowadays,
there are more advanced versions of this coating available, but since it is our only sample in this
investigation, we will refer to the sample henceforth as VantaBlack.
As can be seen, no specular beam could be found in the scattering for oblique incidence. Also
the back-scatterometer was not able to show any hint of a measurable specular reflection (the
measured data are dominated by the mentioned background-radiation field and therefore are not
shown in the figure). Instead, the scattering is well distributed for normal incidence between
2 · 10−5 and 2 · 10−4 sr−1 without any remarkable features but with slight differences between
both polarizations. Toward wider AOIs, however, the distribution becomes more and more
antisymmetric with respect to the surface’s normal for both polarizations and shows a kind
of feature for 60°AOI at θ = 82°, which measures 0.003 sr−1 for both polarizations. It is thus
a relatively weak feature, compared to the specular peaks of “Solblack” or SiC. While the
scattering-probability shows only a growing feature in s-polarization with increasing AOI, a local
minimum is visible for the p-polarization. It begins to appear at 60 – 70° longitude when the AOI
becomes 20°. It then further shifts toward θ = 0° as the AOI increases. The sharp feature at 40
and 60°AOI, shortly before the gap of the PD’s shadow, is actually an artifact due to an increased
reflectance at the edge of the PD holder.

4. Consistency with existing models

Theoretical models for describing the angular scattering became more and more important in
recent years. One reason is the need of simple prescriptions creating realistic views of three
dimensional computer models. But not only in computer graphics, basically in every field where
a proper precipitation of light-scattering is necessary, these models are of great importance. One
of these fields is the interferometric gravitational-wave-detector construction. Even weak portions
of scattered light which find the way back to the main beam can carry noisy phase information
worsening the noise level of the detector [7]. For calculating the sensitivity threshold of such
detectors, it is mandatory to have an idea about the amount of scattering light inside the evacuated
chambers, hosting the mirrors.
Measurements as those presented in this paper give already an overview of the scattering from a
specific material. However, the measured data are not representing the hemispherical scattering
as a whole but only along one plane of incidence. A complete hemispherical measurement is
also only seldom possible, and not with our apparatus right now (however, such devices exist, as
presented, e.g., in [19]). Furthermore, we need to put a physical meaning into measured data.
Therefore, in a comprehensive presentation, surface-scattering models like RR (Raileigh-Rice)
or GHS (Generalized Harvey-Shack) are needed. These models are relatively simple and easy to
apply. Nevertheless, they are also limited to certain constraints. They are basically not suitable for
coated surfaces and depend strongly on a (measured or otherwise assumed) PSD as mentioned
above, which again has its limitations. The GHS model for smooth surfaces, for example, can be
given as [3]:

BRDFm (θin, θsc, φsc) =
4π2

λ4 · (cos θin + cos θsc)2 · Q · PSD
(

fx, fy
)
, (3)

with
fx =

sin(θsc) cos(φsc) − sin(θin)
λ

, fy =
sin(θsc) sin(φsc)

λ
, (4)

where θin and θsc are the AOI and the longitude, respectively, while Q refers to the polarization



Fig. 9. Scattering probability of the VantaBlack sample showing the hemispherical scattering
along the plane of incidence at 0, 20, 40, and 60°AOI.

dependent reflectivity [4] which is also a function of the AOI, the latitude, the longitude φsc, and
the dielectric index. The PSD is two-dimensional and a function of the spatial frequencies fx and
fy which are in turn a function of AOI, longitude, and latitude [4].
In this section, we are comparing the measured BRDF data from the samples presented in the
previous section with the model given in Eq. (3). The most crucial part thereby is the PSD. From
the metrology measurements which are shown in Fig. 3 and 7, we can derive the necessary
data. Unfortunately, it is not possible to extract a two-dimensional PSD from Zygo’s MetroPro
software (vs. 8.1.3), only one-dimensional data can be read-out. However, one can estimate the
two-dimensional one with a fit of a one-dimensional PSD. Such a fit is based on the ABC-model
[7, 20] and was done with three sets of parameters which are given in table 2. The basic function
for a one-dimensional PSD is



PSD1−D = A
[1+(Bf )2]C/2 (5)

f =

√
f 2
x + f 2

y . (6)

Then, we use the same fit-parameters A, B, and C for getting the two-dimensional PSD:

PSD2−D = K · AB
[1+(Bf )2](C+1)/2 (7)

K = 1
2
√
π
·
Γ[(C+1)/2]
Γ(C/2) . (8)

Γ means here the gamma function. This approach works under the constraint of an isotropic
surface roughness which is basically given for the SiC and “Solblack” samples. However, it
should be noted that finding suitable PSD data is difficult and results typically in a potpourri
of curves which can have differences of 2 orders of magnitude, thus increasing the variance of
the BRDF model calculation accordingly. Also, the quality of the extracted PSD data in certain
spatial-frequency ranges depends strongly on the zoom-level of the maps which we have taken.
Therefore, as a rule of thumb, for those samples where we could take surface-maps at 20x and
100x zoom-level, we used the 20x maps for fitting at frequencies below 100mm−1, and the 100x
maps for frequencies above that value. As for “VantaBlack”, a different approach was chosen
since we could not measure the surface roughness.

4.1. SiC

In Fig. 11, the results of utilizing the GHS model with the surface-data taken from the SiC
samples is given. It shows the hemispherical scattering probability for 20°, 40°, and 60°AOI,
constructed by using PSD data from several spots on each sample’s surface, which are shown
in Fig. 10. We think that taking data from different spots is a reasonable approach as we are
assuming the sample-surfaces to be isotropic and we were not able to target one and the same
spot for every measurement. For the SiC1 sample, we have two different PSD curves: one for a
surface map taken at 10x zoom-level and one for a map taken at 100x zoom-level. It turned out
that for all PSD curves, the 100x map gives by a factor 5∼10 higher values than the 10x map in
their overlaying spatial frequency range. As we have more confidence in the data taken from the
10x map in the frequency range 10 – 150mm−1, the fit is oriented to this map, while for higher
frequencies it is oriented to the 100x map. Unfortunately, we could not get a good map in the
10x zoom-level for SiC2. Instead, we took PSDs from several spots on the surface with 100x
maps (as shown in Fig. 6). Three of those PSD curves are shown in Fig. 10 together with a fit
to them. The ABC-parameter from the fits are presented in Table 2. We found that a set of 3
different PSD functions fit best the one-dimensional PSD curves from Fig. 10. The dielectric
index, necessary for the Q-factor is ε = 6.33+ 0.71i. In addition to that, we assume a Lambertian
scattering background.
The modeled BRDF reproduces the measured data quite well, especially the different development
of the p- and s-polarization with increasing AOI around the specular reflection peak. This shows
that our measurement-setup is sufficiently good in terms of accuracy. The fact that for wide
scattering angles (θ <0° in the figure), the scattering probability does not show remarkable
differences between the directions of polarization, is the reason why a Lambertian background
is being assumed here (0.003 sr−1 for SiC1 and 0.001 sr−1 for SiC2). This is supported by the
general (multi-crystalline) structure of SiC, having a lot of deep, hollow structures beneath and
on the surface with up to one micrometer in diameter on an otherwise smooth surface (see above
sections), giving rise to subsurface scattering which is generally assumed to be diffuse [21].
However, the conformity of the model with the measured data for wide scattering angles in all



Fig. 10. PSD data (one-dimensional) taken from the surface maps with the aid of Zygo’s
MetroPro software for both SiC samples and the fits calculated according to those data.

AOIs is basically better for the SiC2 sample. For SiC1 it seems that at wider AOIs the scattering
is decreasing a bit, especially in s-polarization.

Table 2. Parameters used for the ABC-model to fit the measured PSD of the SiC2 sample.
A B C
[nm2mm] [mm]

Set 1 1500 0.05 7
SiC1 Set 2 12 0.0016 5.5

Set 3 0.07 0.13 0.02
Set 1 1530 262.942 1.15

SiC2 Set 2 931.7 0.4 2.23
Set 3 0.2 0.0002 122.76

4.2. “Solblack”

As it has been shown already in [9], the scattering distributions for Solblack (in s-polarization)
can be well approximated with a Lorentzian for the diffuse scattering at small AOIs and the
specular reflection peak (all along the POI). As the incident angle is increasing, however, the
scattering toward wide scattering-angles differs more and more from a Lorentzian curve. Also,
due to its behavior with the approach to the Brewster-angle, the p-polarization curve seems to be
even less describable with such a function (see Fig. 6).
In Fig. 13, the results of the calculated scattering probability compared with the data from
the measurements are shown for three AOIs (20°, 40°, and 60°) in both polarizations. The
(one-dimensional) PSD has been calculated as a fit to data taken again from the surface maps as
shown already for SiC. The PSD data and the respective fit can be found in Fig. 12. As it was the
case for SiC2, we took maps at a 100x zoom-level and calculated the fit to a mean of several
PSD-curves. The fit-parameters are given in table 3.



Fig. 11. Comparison of the scattering probability both measured and calculated (see text) for
SiC. The graph includes the data for three different AOIs at s- and p-polarization.

As can be seen, the shape of the calculated scattering curves matches relatively well with the
measured data. However, it should be noted that we have used here a more general form of
the parameter Q according to [22, 23], which is a function of the dielectric index ε and the
relative magnetic permeability µ, as NiP-plating’s magnetism is generally depending on the
Phosphor content [24]. However, we found that still µ ≈ 1 fits best the curves. As a considerable
diamagnetism is not reported for these plating, we set µ = 1 for the curves shown in Fig. 13.
The dielectric index, on the other side, was found to be ε ≈ 1.2 + 0.176i. That corresponds to a
refraction index of n = 1.1 + 0.08i which is somewhat comparable to the integrated scattering
calculations and the measurements done by Akutsu et al. [9] (see Fig. 8). The real part of the
dielectric index is anyway quite low but considering the above mentioned fractal and porous
structure, the resulting dielectric index of the actual coating material can be explained by
effective-medium theory. Indeed, past studies on the optical properties of NiP coatings support
this assumption [25].

Table 3. Parameters used for the ABC-model to fit the measured PSD of the Solblack sample.
A B C
[nm2mm] [mm]

Set 1 180.1 0.0014 6.2
Set 2 157 0.0652 4.32
Set 3 0.55 2.0411 0.05

As Solblack is a coating one would assume that a single-surface scattering theory may be not
usable. However, according to our reflection measurements and the fits, the imaginary part of
the index of refraction is ≥0.08 and thus the linear absorption coefficient is too large to let any
significant amount of light-power pass through the Solblack coating.
As it is the case for SiC, also for Solblack we have used an additional Lambertian scattering
component to gain consistency with the measured data. It is approximately 3 times higher than for
the SiC2 model and thus similar to SiC1. We assume that the mentioned random inhomogeneous



Fig. 12. PSD data (one-dimensional) taken from the surface maps with the aid of Zygo’s
MetroPro software for the Solblack sample and the fit calculated according to the data.

Fig. 13. Comparison of the scattering probability both measured and calculated (see text) for
Solblack. The graph includes the data for three different AOIs at s- and p-polarization.

structures may be one of the reasons for a diffuse scattering component. Moreover, as the
absorption index of Solblack is also lower than that for SiC and consequently more light
is available for subsurface scattering (as introduced, e.g., in [21]), an increased Lambertian
component seems to be reasonable.

4.3. “VantaBlack”

The surface structure of VantaBlack is featured by carbon nanotubes having a diameter of only
a few nanometers. These densely aligned tubes would not show any remarkable feature of the



corresponding surface PSD until fx,y ≈ 104 – 105 mm−1, which is far too high a spatial frequency
for being recognized by near-infrared light. At the same time, it seems that the multitude of tips
of carbon nanotubes, which are supposed to mimic the surface structure of the substrate, are not
reflecting any reasonable amount of light directly back into the surrounding medium. Instead,
most of the (near infrared) light is being absorbed and the rest diffusely scattered.
Surface scattering theories predict homogeneous scattering as observed for VantaBlack only by
completely random surface structures. However, the VantaBlack sample may not have a random
surface as for mentioned reasons. But considering the nanotubes as hollow cylinders with very
thin walls, it seems reasonable to assume that the PSD of the original substrate-surface is quasi
suppressed especially for lower spatial frequencies as the light is entering the cylinders and being
absorbed or trapped rather than being reflected. This may lead to a quasi-randomized surface
for lower spatial frequencies. Therefore, as a first approach, we assume a constant PSD over
the whole relevant range of spatial frequencies and try to fit the experimental results with a
GHS-model, giving us an expression for a perfectly random surface-structure. Unfortunately, it
was not possible to proof our assumption of a quasi-constant PSD as the metrology measurements
that we can perform in our institute would not work with such highly absorptive surfaces. Anyway,
ABC-parameters for a quasi-PSD calculation according to our assumptions are given in table 4.

Table 4. Parameters used for the quasi-constant ABC-model of the VantaBlack sample.
A B C
[nm2mm] [mm]
3000 10−6 1.5

For a calculation of the scattering, we also need the refraction index of the material. But as we
have no measurable specular reflection peak, it is impossible for us to undertake the procedure
that has been used for SiC and Solblack. However, past studies have shown that it is possible
to define an effective dielectric index for alignments of carbon nanotubes from the dielectric
index of graphite layers [26, 27]. According to their model, the material has an inhomogeneous
dielectric index with respect to the orientation of the incoming electromagnetic wave toward
the nanotubes. Hence, we have to deal with basically two different dielectric indexes: an index
for fields perpendicular to the tubes and an index for fields parallel to them. As a consequence,
s-polarization represents now the fields perpendicular to the tubes while p-polarization can be
perpendicular and parallel to the tubes, depending on the AOI. Measurements on the permeability
have shown that the index is actually very much depending on impurities due to the used catalyst
material. For pure Carbon nanotubes, however, it should be diamagnetic (µ < 1) [28].
Anyway, the best fit to our measurements for AOI = 0◦ was found with µ = 1.15 and an
effective dielectric index εeff = 1.26 + 0.235i. With increasing AOI, we found that εeff in s- and
p-polarization should slightly decrease to be more consistent with the measurements. The values
for εeff are given in table 5.

Table 5. Dielectric index εeff used to fit the scattering probability curves of the VantaBlack
sample.
AOI 0◦ 20◦ 40◦ 60◦
s-polarization 1.26 + 0.235i 1.24 + 0.235i 1.2 + 0.235i 1.17 + 0.217i
p-polarization 1.26 + 0.235i 1.13 + 0.226i 1.1 + 0.209i 1.12 + 0.219i

The result of the calculations can be seen in Fig. 14 showing the scattering probability for 3
different AOIs. The basic shape and its development with increasing AOI can be well simulated
for AOI ≤ 40◦ with the given parameters. However, toward AOI ≈ 60◦ our model is not able



Fig. 14. Comparison of the scattering probability both measured and calculated (see text) for
VantaBlack. The graph includes the data for three different AOIs at s- and p-polarization.

to increase the scattering enough for the bulge at θ ≈ 80◦. This is in particular true for the
p-polarization. In s-polarization there is also an inconsistence with the measurements for θ ≤ 0◦
where the model predicts a slightly higher scattering than observed.
The results seem to be somewhat consistent with the findings of [26] for densely aligned carbon
nanotubes with small inner radius, leading to values of εeff being ≤ 1.5 in its real and ≤ 1 in its
imaginary part. Tubes having a small inner radius would be also consistent with our assumption
of a suppressed low-frequency PSD. One should note, however, that in [26], the authors do not
present parameters for all possible cases and hence their εeff does not exactly cover our findings.
But we think that our results are not unreasonable and lie in the overall tendency presented in
their spectra.

5. Discussion/Conclusion

With our scatterometers we have done measurements on various surfaces from different materials
being related to gravitational-wave detectors for suppressing stray-light. We used the results from
three of the most important materials as a basic example in this paper to show the functionality
of these scatterometers. We have shown their capabilities both in terms of contrast and spatial
resolution over the whole hemisphere along the plane of incidence (POI) of a given surface. Right
now, the hemispherical scatterometer has a higher sensitivity compared to the back-scatterometer
which is an issue for surfaces with very low scattering as we cannot get reliable data on their
back-scattering (as it was the case for the VantaBlack sample). All measurements were done
under similar environmental conditions and showed a sufficient repeatability (for each presented
sample, we did 2 – 3 measurement runs showing maximal deviations of. 10% which is within an
acceptable range.) Furthermore, we were able to reproduce the measured results with a scattering
model to a certain extend and could estimate the properties of the respective material, which
are (in case of SiC and Solblack) comparable to data taken from reflection measurements. We
could show that for a proper reproduction, it is in some cases important to include the magnetic
properties in the respective models, even though they are relatively small. We would like to



emphasize that the presented measurements and our approach for an interpretation is new to the
field of gravitational-waves and may be of great usage for future detectors.
Nevertheless, there are still discrepancies regarding the models and the measurements. Still
unclear, for example, is the relatively large scattering bulge for VantaBlack at θ ∼ 80◦ for 60◦ AOI
in both s- and p-polarization. Even with further increase of the dielectric index or the magnetic
permeability, the corresponding model would not show such a strong bulge. Considering the
simpleness of our approach, it is very likely that a more comprehensive PSD assumption (based
on, e.g., atomic-force microscopy measurements) or even a different model may have more
success in an explanation. Therefore, a follow-up investigation on this issue would be appreciated.
However, we think that finding a permeability being higher than 1 is anyway very interesting and
can indicate a possible impurity of the nanotubes.
There are also discrepancies with the Solblack measurements but they are smaller and likely
due to an inaccurate PSD. However, generally, the used model is successful in representing the
measured data for both SiC and Solblack, and for VantaBlack at small AOIs.

There are some points noteworthy:

1. The assumed index of refraction is in case of SiC based on Fresnel-fits to measured
reflectance-data from a highly polished sample (SiC2) as we can be sure that the scattering
from the roughly polished sample (SiC1) is limited in its accuracy. Since we don’t have
such a highly polished sample for Solblack (which is also not existing, to our knowledge),
we cannot be sure about the index of refraction from reflectance measurements and hence,
our approach is a little bit different. We adjusted the index of refraction to the scattering
data with the model from Eq. (3) and the parameter Q as given in [22].

2. Due to the variance of PSD data from the surface maps, it is generally difficult to be sure
about the absolute value of the scattering when we compare our measurements with the
given model. Therefore, our main focus laid rather on the representation of the general
shape of the scattering curves.

3. Even though the measured roughness of the samples is in a range where a smooth-surface
approach (with the given GHS model) is reasonable, especially the SiC1 and the Solblack
sample might partly violate this assumption, which gives rise to an additional uncertainty
regarding the calculated scattering models. This, in turn, would also affect the made
assumptions regarding the PSD and the refractive index. Our approach is thus just a
suggestion of how the data may be interpreted.

It should be also noted that we are planning to upgrade the devices further and to make them
clean-room or even vacuum compatible. For instance, the light-trap which we are using for the
back-scatterometer should therefore not be coated with soot.
We have seen that from all three materials the scattering properties of VantaBlack are most
outstanding, especially compared to Solblack, which is used in many subsystems of KAGRA.
However, its usability in tough environments like (ground-based) gravitational wave detectors
remains somewhat limited. It is more easy to remove from its substrate when touching it, and also
its outgassing-rate is 4 times higher than that of Solblack (after 2 days in vacuum, the outgassing
rate for VantaBlack on a plate of Aluminum is ∼ 4 · 10−6 Pa·m3·s−1·m−2, while for Solblack on
Aluminum it is ∼ 10−6 [9]). Nevertheless, VantaBlack has the possibility to become an important
scattering suppressing coating in future gravitational wave detectors, as we are sure that with a
further increasing sensitivity, the issue of scattering may increase as well.
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