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We present new spectroscopic measurements for two dust analogue sam-
ples: walnut charcoal and willow charcoal. These measurements were per-
formed in our laboratory using a Cary 5000 spectrometer equipped with
an integrating sphere. This measurement setup enabled the measurement
of hemispherical albedo as a function of wavelength in the range from
200 to 2500 nm. The obtained hemispherical albedo values ranged from
0.10 to 10.89%. Based on the obtained spectral profile measurements, the
Bond albedo and geometric albedo values were calculated for selected pos-
sible analogues of refractory material present on cometary surfaces. The
obtained mean Bond albedo value was 0.49%, while the mean geometric
albedo value was 1.90%. These results were compared with macromolecular
carbonaceous material present in cometary dust from comets. The obtained
results were compared with measurements made by Rosetta/COSIMA,
which showed that the cometary dust is dominated by macromolecular car-
bonaceous material, which is responsible for the very low albedo of comet
67P /Churyumov—Gerasimenko.

DOI:10.5506/ APhysPolBSupp.19.3-A1

1. Introduction

The fundamental photometric parameter characterizing the optical prop-
erties of celestial bodies, including comets, is the albedo. It is defined as the
ratio of reflected to incident solar radiation, typically integrated over a given
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wavelength range. In the case of comets, small Solar System bodies gravita-
tionally bound to the Sun, it is customary to distinguish between geometric
albedo and Bond albedo. The geometric albedo describes the reflectance of
a surface observed at zero phase angle relative to that of an ideal Lamber-
tian disk, whereas the Bond albedo accounts for the total fraction of incident
radiation reflected in all directions and integrated over all wavelengths [1, 2].

For comets, the average geometric albedo is about 5%, meaning that only
a small fraction of the incident solar radiation is reflected, while the majority
is absorbed by the cometary nucleus. This absorbed energy contributes
to heating the nucleus, driving the sublimation of volatile ices, as well as
thermal re-emission and heat conduction into deeper layers. Such a low
geometric albedo implies that cometary nuclei are among the darkest objects
in the Solar System.

A well-studied example is comet 67P/Churyumov—Gerasimenko, inves-
tigated in detail during the Rosetta mission. Measurements performed by
the OSIRIS (Optical, Spectroscopic and Infrared Remote Imaging System)
and VIRTIS (Visible and Infrared Thermal Imaging Spectrometer) instru-
ments showed that the geometric albedo is 6.5 + 0.2% at a wavelength of
A = 649 nm [3]. It should be emphasized that this value is obtained within
a finite instrumental bandpass rather than representing a strictly monochro-
matic quantity. In practice, it reflects the averaged response over the spectral
sensitivity of the detector-filter system. Furthermore, the spectral range of
the Rosetta instruments differs from that used in the present laboratory
study. The OSIRIS system operated primarily in the visible range (~ 250—
1000 nm), while VIRTIS extended into the near-infrared (up to ~ 5000 nm),
though under different viewing geometries and measurement conditions. In
contrast, our laboratory measurements were performed over a continuous
range from 200 to 2500 nm using an integrating sphere, providing hemi-
spherical albedo under diffuse illumination. Therefore, a direct comparison
between spacecraft-derived geometric albedo and laboratory hemispherical
albedo requires caution, as differences arise from both spectral coverage and
observational geometry. Nevertheless, the overlapping spectral region (espe-
cially within the visible range) allows for a meaningful qualitative compari-
son of the albedo of both cometary material and the investigated analogues.

Imaging of the nucleus revealed an almost uniformly dark surface, with
only minor variations in surface brightness corresponding to locally higher
albedo values. These variations are associated with localized sublimation
activity and surface modification caused by numerous outbursts [4|, which
can expose subsurface layers |5]. One notable example is the Hapi region,
where local brightness enhancements increased the geometric albedo to ap-
proximately 16% |[3]. These observations demonstrate that albedo plays
an important role in controlling the thermal balance and thus influencing
cometary activity.
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Obtaining pristine cometary material for laboratory studies is extremely
challenging; therefore, various types of analog materials are increasingly
used in experimental research [6-10]. Conducting laboratory studies, such
as measurements of hemispherical albedo for dust analogues with controlled,
well-characterized chemical composition is crucial for an accurate description
of the cometary nucleus’s sublimation activity. At the same time, it should
be emphasized that even well-defined laboratory materials represent simpli-
fied systems compared to real cometary dust. Therefore, their compositional
limitations must be taken into account when interpreting experimental re-
sults. In particular, they help to better constrain the energy balance govern-
ing sublimation processes, which in turn drive the morphological evolution
of the cometary surface. As a result, the effective albedo may vary both
spatially and temporally. From an instrumental perspective, it is important
to distinguish between remote sensing measurements and laboratory spec-
troscopy. Spacecraft instruments typically measure bidirectional reflectance
under specific illumination and phase angle conditions, whereas laboratory
measurements with an integrating sphere provide hemispherical reflectance
under nearly isotropic illumination. This difference is particularly relevant
for dark, highly absorbing materials for which geometry-dependent effects
may influence the derived albedo values.

The aim of this study is to perform new spectroscopic measurements of
hemispherical albedo for selected dust analogs under terrestrial conditions.
Based on the obtained spectral profiles, we estimate the Bond albedo of the
studied materials under assumptions of solar spectral weighting and discuss
the implications for their geometric albedo.

2. Sample preparation

For the spectroscopic measurements, we used two types of charcoal,
which we produced ourselves. For this purpose, we selected two species
of wood from our own resources: walnut wood (sample A) and willow wood
(sample B). The wood was then crushed to facilitate the pyrolysis process,
i.e., the thermal treatment of wood. A ventilation block buried in the ground
in the garden was used for this process. The wood was then placed in the
block and ignited. After thoroughly burning, the process was interrupted
by placing a thick sheet of metal on top of the block and sealing the escap-
ing smoke with earth. This approach allowed the wood to degrade under
high temperatures in anaerobic conditions. After the firing process ceased
and cooled, the sheet of metal and the earth were carefully removed. The
resulting charcoal was collected and placed in a container. For the other
wood species, the entire procedure was repeated. The obtained charcoal
was crushed and dry-sifted through standardized sieves. This way, for each
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type of charcoal, we obtained four fractions with the following grain diame-
ters: 0.06 < dgy < 0.30 mm; 0.30 < dgr < 0.43 mm; 0.43 < dgy < 0.49 mm,
and 0.49 < dg < 1.50 mm. Taking into account the two charcoal species
and the respective fractions, the total number of tested samples was 8.

3. Spectroscopic measurement of hemispherical albedo

To conduct spectroscopic measurements, we used a Cary 5000 spectrom-
eter equipped with an integrating sphere. This configuration allows for
photometric measurement of hemispherical albedo in the range of 200 to
2500 nm. Measurement accuracy for wavelengths in the UV-VIS range is
AX = £0.08 nm, and for hemispherical albedo, A4y = 0.07% [11]. Af-
ter startup, the spectrometer was calibrated using a reference spectrum to
establish a baseline, which represents the signal level when the sample nei-
ther absorbs nor transmits light, but only reflects light according to the
Labsphere-certified reflectance standard USRS-99-020 AS-01159-60. The
zero line was calibrated against a quartz window.

We used the DRA (Diffuse Reflection Accessory) system to perform the
measurements described in this paper. A detailed description of the entire
measurement procedure was presented in our previous articles [10, 12]. Pho-
tometric measurements were performed for individual fractions and species
of charcoal. The results of these measurements are presented in Figs. 1-2.
Additionally, Figs. 3—4 show an example comparison of spectral profiles be-
tween two extreme fractions of the tested charcoal. It should be emphasized
that each spectral profile contains over 2300 measurement points.
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Fig. 1. Hemispherical albedo distribution as a function of wavelength from 200 to
2500 nm. The results presented refer to charcoal from walnut wood.
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Fig. 2. Hemispherical albedo distribution as a function of wavelength from 200 to
2500 nm. The results presented refer to charcoal from willow wood.
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Fig. 3. Comparative analysis of the two extreme fractions of the tested charcoal for
the fraction 0.06 < dgy < 0.30 mm.

Based on the spectral profiles presented in Figs. 1-2, the following conclu-
sions can be drawn:

1. The obtained hemispherical albedo values ranged from 0.10 to 10.89%.
The main determinant of the hemispherical albedo value is the color of
the sample. The darker the color, the lower the hemispherical albedo
value.
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Fig. 4. Comparative analysis of the two extreme fractions of the tested charcoal for
the fraction 0.49 < dg, < 1.50 mm.

2. For all fractions, a monotonic increase in hemispherical albedo with
wavelength can be observed. The increase is particularly pronounced
in the near-infrared range, while in the UV-VIS range, hemispherical
albedo values are low, indicating the dominance of absorption over
scattering.

3. At around 900-1000 nm, a change in the slope of the curves is visi-
ble, which may be related both to the transition between the spectral
ranges of the instrument and to the optical properties of the material
being studied.

4. Across the entire spectral range, a systematic relationship between
hemispherical albedo and grain diameter is observed: finer fractions
are characterized by higher hemispherical albedo values compared to
the coarsest fractions.

5. This effect is consistent with scattering theory, according to which
a reduction in grain size leads to an increase in the number of phase
boundaries and the effective scattering path, which increases the con-
tribution of hemispherical albedo.

The above main conclusions were also confirmed in our previous research
[10-13].
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4. Geometric albedo

The basic photometric quantity commonly used in astronomy is the ge-
ometric albedo, defined as the ratio of the brightness of a body observed
at zero phase angle to the brightness of a perfect Lambertian disk with the
same radius and at the same distance. Using measurements of the hemi-
spherical albedo, it is possible, under certain assumptions about the phase
function, to estimate the geometric albedo. In the first step, one can calcu-
late the bolometric albedo (Aype), which accounts for all the light scattered
by a body across all wavelengths and all phase angles. This parameter can
be calculated using the relationship

2 AN T\, T dA

Abol = A 1
02 Jo(A, T )dA W
In Eq. (1), the individual symbols mean: Ag(A) is the spectral spherical
albedo, Js(\,T) is approximately the Planck function for a black body
at a temperature of 5770 K. The range of wavelengths in which the hemi-
spherical albedo measurement was performed, i.e. from A; = 200 nm to
Ao = 2500 nm, was adopted as the integration limits. It should be noted
that our experimental setup does not allow for direct measurement of the
spherical albedo but the measured hemispherical albedo (Ap(\)) can be used
as an upper limit for the spherical albedo [1]. In the second step, to deter-
mine the geometric albedo, the following two relations should be used:

A = puI =2, [ dfa)sinada, (2)
0
A = Apoll = 2Ab01/¢(a) sin avdev. (3)
0

In Egs. (2)—(3), the individual symbols mean: Ag is the Bond albedo, py is
the geometric albedo, ¢(«) is the ratio of apparent brightness at the phase
angle a to the brightness at @ = 0, or in short, the phase function.

From Egs. (2)—(3), it follows that:

Dv = Abol . (4)

Note that Eq. (4) is true for dark bodies, i.e., with a low hemispherical
albedo profile, which directly translates into the geometric albedo value.
The value of the phase integral (I) in Eqgs.(2)—(3) is equal to 0.253 [14].
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Based on the results of spectroscopic measurements of hemispherical
albedo (Figs. 1-2) and Eqgs. (1)—(4), the Bond albedo and geometric albedo
of the tested samples were calculated. The results of these calculations are
presented in Table 1.

Table 1. The Bond albedo and geometric albedo values for charcoal coming from
walnut wood (sample A) and willow wood (sample B). Let us emphasize that the
obtained numerical values were influenced by the value of the phase integral, which,
in turn, depends on the phase parameter.

Sample  Grains diameter Bond albedo Geometric albedo

[mum] 2] 7]

0.06 < dgy < 0.30 0.54 2.15

A 0.30 < dgy < 0.43 0.65 2.58
0.43 < dgr < 0.49 0.35 1.39

0.49 < dgr < 1.50 0.36 1.45

0.06 < dg < 0.30 0.33 1.29

B 0.30 < dgr < 0.43 0.63 2.49
0.43 < dgy < 0.49 0.47 1.85

0.49 < dg < 1.50 0.46 1.82

Analyzing the obtained results, it can be noticed that:

1. The albedo of the studied analogs is very low, confirming their suit-
ability as materials representing cometary dark matter.

2. A non-monotonic dependence of albedo on grain size is observed, with
a clear maximum in the 0.30-0.43 mm range. For larger grain sizes,
both the Bond and geometric albedo decrease, indicating increasing
dominance of absorption processes.

3. The relationship between the Bond and geometric albedo remains con-
sistent across all samples, confirming the validity of the adopted cal-
culation procedure and suggesting a stable phase integral. The results
emphasize the important role of surface granularity in controlling pho-
tometric properties.

4. Sample A exhibits higher albedo values than sample B only for the
smallest grain sizes, whereas for larger grains, the opposite trend is
observed. These differences are likely related to variations in surface
morphology, internal structure, and porosity resulting from the distinct
botanical origin of the samples.
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5. The results demonstrate that both grain size and raw material type
significantly influence the optical properties of charcoal, which should
be taken into account when using such materials as laboratory ana-
logues.

6. The obtained results provide valuable constraints for astrophysical and
planetary applications, particularly in modeling radiative transfer and
thermal balance of cometary surfaces.

5. Discussion

The paper presents an analysis of selected photometric parameters for
two types of charcoal derived from walnut and willow wood. The measure-
ments were performed using a Cary 5000 spectrometer equipped with an
integrating sphere, enabling the determination of hemispherical albedo as
a function of wavelength in the 200-2500 nm range. The obtained values
depend on both the type of charcoal, reflecting its botanical origin, and the
grain size distribution of the sample. The spectral profiles exhibit a generally
increasing trend over most of the investigated wavelength range.

It should be emphasized that cometary dust is a complex and heteroge-
neous mixture composed of both carbonaceous material and mineral com-
ponents, including silicates and sulfides. In contrast, charcoal, although
carbon-rich, is not chemically pure carbon. Its composition depends on the
precursor material and pyrolysis conditions, and typically includes residual
inorganic components as well as oxygen- and hydrogen-bearing functional
groups within the carbon structure. These impurities may influence the op-
tical properties of charcoal, particularly in the ultraviolet and near-infrared
regions, where additional absorption features may arise. Consequently, char-
coal cannot be treated as a fully representative compositional analogue of
cometary dust. However, it remains a useful first-order analogue due to its
very low albedo and strongly absorbing nature, which are key characteris-
tics of macromolecular carbonaceous material identified in cometary envi-
ronments. Therefore, the present study should be interpreted as an investi-
gation of simplified analogues that reproduce selected optical properties of
cometary material rather than their full physicochemical complexity.

Spectroscopic measurements of dust analogues play an important role
in constraining the thermal balance and sublimation processes of cometary
nuclei. Sublimation-driven activity is responsible for the morphological evo-
lution of the cometary surface. Due to the rapid and dynamic changes occur-
ring on comet surfaces, especially after perihelion and during outbursts, the
geometric albedo can vary significantly. This variability is associated with
processes such as dust redistribution, exposure of subsurface layers, and
changes in surface granularity. Consequently, accurate characterization of
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albedo is essential for understanding and modeling the activity of cometary
nucleus. Taking these limitations into account improves the robustness of
the comparison and highlights the importance of combining laboratory mea-
surements with in situ and remote sensing observations in order to better
constrain the physical properties of cometary surfaces.

This work has been possible due to the support received from the Centre

for Innovation and Transfer of Natural Sciences and Engineering Knowledge,
University of Rzeszow, Poland.
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