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ABSTRACT

Context. Knowledge of the terahertz (THz)–infrared (IR) optical properties of astrophysical ices is important for understanding the
dust continuum emission and radiative transfer in dense and cold interstellar environments. Water ice plays a dominant role in the
aforementioned phenomena due to its prevalence and the high dipole moment of the H2O molecule, resulting in high absorptivity
and emissivity. Direct measurements of optical constants in the THz spectral region for astrophysically relevant H2O ice samples
are scarce. Extrapolation of optical properties in the THz spectral region from IR data can introduce uncertainties into astrophysical
models.
Aims. We measured the optical properties of water ice samples in the Ih and Ic forms as well as amorphous solid water (ASW) in the
THz region in order to derive broad optical constants using literature and experimental data in the THz–IR range.
Methods. In our experiments, the Ih, Ic, and ASW ices were grown by vapour deposition onto a cold substrate and measured by THz
pulsed spectroscopy. Their THz optical properties were retrieved, compared with the THz–IR literature data, and approximated using
the multiple-Lorentz model.
Results. From the existing literature data on the Ih, Ic, and ASW ices, we selected samples with the highest optical constants and
classified them as compact. Their optical properties were merged in the frequency range of ν = 0.3–120 THz (the wavelength
range of λ = 1 mm–2.5 µm). The underlying absorption bands were attributed to vibrational modes and approximated using the
multiple-Lorentz model while accounting for anharmonicity. Discrepancies primarily arising in low-absorption regions between the
experimental data and broadband models were attributed to factors such as the model’s complexity and the baseline-subtraction
procedure. The THz response of all ices is formed by the low-frequency wings of the IR bands and the single broad low-intense THz
peak around 1.8 THz, which is very similar for all phases. The opacity calculation for dust grains covered by H2O ice mantles based
on experimental data shows discrepancies with data derived by extrapolation.
Conclusions. The inferred THz–IR optical constants of water ice are important for future observations and modelling of cold clouds
and protoplanetary disks.
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1. Introduction

Dust is a minor but key component of the interstellar medium
(ISM), playing a crucial role in its physics and chemistry and
particularly in ice formation by providing surfaces for ice-mantle
growth. Dust also serves as an important tracer of overall gas
abundance, as direct observation of molecular hydrogen is chal-
lenging (Tielens 2013; Walsh et al. 2014; Bohlin et al. 1978;
Lombardi et al. 2014). The use of dust continuum emission to
measure dust masses is particularly important in dense and cold
regions, where other tracers of molecular gas, such as CO, are
depleted (Dutrey et al. 1998; Caselli et al. 1999).

The dust grain size distribution and molecular composi-
tion, among other parameters, influence the optical properties
and opacities of dust (Li & Draine 2001; Weingartner & Draine
? Both authors contributed equally to this work.
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2001), which can be further affected by the presence of
ice mantles. Facilities such as the Atacama Large Millime-
ter/submillimeter Array (ALMA) and the Northern Extended
Millimeter Array (NOEMA) provide observations of the dust
continuum emission in the millimetre and submillimetre region
and are the most powerful tools that can be used to investigate
the characteristics of prestellar cores, young stars, and proto-
planetary disks (e.g. Dullemond et al. 2018; Ohashi et al. 2018;
Andrews et al. 2018; Caselli et al. 2019; Sabatini et al. 2025).

Water is the most abundant component of ice mantles
(Gibb et al. 2004; Öberg et al. 2011; van Dishoeck et al. 2013),
and it has been the subject of extensive laboratory studies,
mostly in the mid- and far-infrared spectral range by Fourier
transform infrared spectroscopy (FTIR) (Bertie & Whalley
1967; Bertie et al. 1969; Hagen et al. 1981; Mishima et al.
1983; Warren 1984; Hudgins et al. 1993; Clapp et al. 1995;
Curtis et al. 2005; Mastrapa et al. 2009; Moore & Hudson 1992,
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1994; Toon et al. 1994; Giuliano et al. 2014; Bouilloud et al.
2015; Rocha et al. 2022; Mifsud et al. 2022; Hudson et al. 2025,
among others). Fewer studies are available in the UV-vis regime
(Kofman et al. 2019; He et al. 2022). Some studies have focused
on the analysis of the structural features and the porosity of
ices in relation to deposition conditions (Westley et al. 1998;
Stevenson et al. 1999; Dohnálek et al. 2003; Mason et al. 2006;
Escribano et al. 2025b) as well as on modelling using computa-
tional methods (Moberg et al. 2017; Escribano et al. 2025a) and
the development of algorithms for the determination of the op-
tical constants of ice samples relevant for astrophysical environ-
ments (Gerakines & Hudson 2020; Rocha et al. 2024).

Water ice spectroscopic properties in the THz regime are less
constrained, with the most reliable THz spectra recently reported
for the Ih ice by Tao et al. (2024). A probable reason for the
lack of spectroscopic data in the THz region is the significantly
lower absorption band strength of water ice, by four to five or-
ders of magnitude, compared to the IR region. This characteristic
requires more demanding experimental conditions, particularly
in terms of the ice sample thicknesses necessary to account for
the dynamic range and sensitivity of the spectroscopic systems
(Curtis et al. 2005). Therefore, an extension of laboratory char-
acterisation of water ice is needed, especially in the THz region.

Following the methodology presented in our previous in-
vestigation of CO, CO2, and N2 ices (Giuliano et al. 2019;
Gavdush et al. 2022, 2025; Kruczkiewicz et al. 2026), we took
advantage of THz pulsed spectroscopy (TPS) to measure the
THz response of water ice directly without the need for a
Kramers–Kronig transform. The Fourier transform of the THz
waveform transmitted through the sample gives both the spec-
tral amplitude and phase, allowing for retrieval of its complex
refractive index. Moreover, the TPS spectral phase allows for
calibration of the spectral phase of FTIR data, eliminating the
uncertainty of the Kramers-Kronig transform for the broadband
characterisation of ices (Gavdush et al. 2022).

Water ice characteristics, such as density and physical state,
are a result of different growth methods and conditions, in-
cluding pressure, thermal history, and substrate (Stevenson et al.
1999; Kimmel et al. 2001; Salzmann 2019; Loerting et al.
2020). In the context of the cold ISM, amorphous solid wa-
ter (ASW) seems to be a more likely form of water in icy
dust grains of molecular clouds (Leger et al. 1979; Boogert et al.
2008, 2015; Perotti et al. 2020), while crystalline phases are also
possible (Dartois et al. 2002; Terada & Tokunaga 2012).

In Fig. 1, a phase diagram of water is shown. Although 19
crystalline and four amorphous phases can generally be obtained
in a laboratory within the temperature and pressure ranges rele-
vant to cold interstellar environments, a much smaller diversity
is expected. The main ice forms that are believed to be present
in astrophysical environments are the following:

– In the Ih ice oxygen atoms form hexagonal symmetry,
with close-to-tetrahedral bonding angles. This phase can
be obtained by freezing liquid water (Tao et al. 2024) or
through vapour deposition at temperatures equal to or above
150 K (Curtis et al. 2005; Rocha et al. 2024; Escribano et al.
2025a).

– The Ic ice is a metastable crystalline phase with the cubic
lattice (Salzmann & Murray 2020), which can be formed by
gas-phase deposition at temperatures ranging from 110 to
150 K (Curtis et al. 2005; Rocha et al. 2024; Escribano et al.
2025a). It is commonly observed at temperatures above
120 K as a mixture of Ic and ASW ices (Mastrapa et al.
2009).

100 200
T, K

P
, P

a

5
10

410

310

210

110

010

30010 50 150 250

T<110 K 110<T<150 K

XI

L
iq

u
id

T>150 K

Vapor

ASW Ic Ih

Solid

Fig. 1. Fragment of the phase diagram of water ice in the temperature
and pressure ranges relevant for the cold interstellar environments.

– There are two compact phases of ASW at temperatures be-
low 120 K (Carmack et al. 2023): the high-density ASW
is obtained at temperatures below 40 K, whereas deposi-
tion between 40 and 120 K yields the low-density ASW
form (Narten et al. 1976; Jenniskens & Blake 1994). In ad-
dition, ices obtained with the background deposition tech-
nique become porous at lower temperatures. Therefore,
the two forms, generally referred to as porous ASW (p-
ASW) and compact ASW (c-ASW), are also distinguished
(Stevenson et al. 1999; Dohnálek et al. 2003; Collings et al.
2003; Eklund et al. 2026).

The THz–IR response of H2O ice depends on phase, density,
and porosity properties, which are functions of the deposition
conditions. For ASW, this dependence is especially pronounced
(Dohnálek et al. 2003; Mallamace et al. 2007; Medcraft et al.
2012, 2013; Huang et al. 2013), with a faster deposition result-
ing in more-porous ices (Escribano et al. 2025a). In this work,
we analyse the broadband optical constants of Ih, Ic, and ASW
H2O ices; measure their THz optical properties with our custom-
designed TPS experimental setup; and compare them to avail-
able literature data. We merge their broadband optical properties
in the frequency range of ν = 0.3–120 THz (λ = 1 mm–2.5 µm,
respectively), and we model the observed vibrational absorption
bands by a multiple-Lorentz model. We examine the observed
discrepancies between these data and connect them to the poros-
ity of water ice.

2. Methods

2.1. The experimental setup

The THz response of water ice samples is studied experimentally
at the CASICE laboratory at the Centre for Astrochemical Stud-
ies, Max Planck Institute for Extraterrestrial Physics (Garching,
Germany). The experimental setup is based on an Advanced Re-
search Systems cryocooler and a BATOP TDS-1008 TPS spec-
trometer and has been customised to our design. The method for
quantifying the THz optical properties of ices relying on the TPS
signals was developed by Giuliano et al. (2019) and has already
been applied in studies of different ices (Gavdush et al. 2022,
2025; Kruczkiewicz et al. 2026).
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The 15-cm diameter vacuum chamber is equipped with a
high-power closed-cycle cryocooler that cools the sample holder
down to a temperature as low as 5 K. The base pressure of the
system is maintained to ' 10−7 mbar (when cold) by a pump-
ing station made of a turbomolecular pump (84 ls−1 nitrogen
pumping speed) and a backing rotary pump (5 m3 h−1 pump-
ing speed). The substrate placed in the middle of the vacuum
chamber and the optical windows of the chamber are made of
high-resistivity float-zone silicon (HRFZ-Si), with a high refrac-
tive index (nSi ≈ 3.4) and negligible dispersion and absorption
in the THz–IR range. The use of the HRFZ-Si substrate is cru-
cial for measurements at different temperatures, as its THz-IR
response is nearly temperature independent.

The TPS system utilises a pair of photoconductive antennas
pumped and probed by a femtosecond fibre laser (TOPTICA
FemtoFErb 780) to emit and detect broadband THz pulses. It
exhibits good transmittance in the spectral range of ν = 0.05–
3.5 THz and a spectral resolution as high as ∆ν = 0.03 THz. The
sample compartment was customised to accommodate the cry-
ocooler. The optical path within it is purged with cold nitrogen
gas to suppress the impact of atmospheric water on the measured
data along the THz beam path.

2.2. The experimental protocol

Following the experimental procedure by Giuliano et al. (2019),
the ice layers were formed by gas expansion into the vacuum
chamber through a 6-mm diameter stainless steel pipe spaced
at a distance of ' 7 cm away from the substrate, followed by
the condensation of gas phase onto the HRFZ-Si substrate. This
ensured a uniform background ice deposition on both sides of
the substrate. The water sample was degassed via at least three
freeze-pump-thaw cycles before being expanded into the cryo-
stat’s vacuum chamber. Water ice samples with a thickness of a
few hundred microns are required for TPS characterisation. For
this reason, the chosen deposition rate had to be fast enough to
grow thick ices in a reasonable amount of time, resulting in a
chosen deposition rate of several µm per minute.

The pressure inside the vacuum chamber did not exceed
≈ 5 × 10−7 mbar during ice deposition, which was performed
in steps. Each deposition time step was set to 30 min or 60 min.
During this time, the temperature of the HRFZ-Si substrate in-
creased by a maximum of ≈ 2 K due to the release of heat from
the gas load condensation and ice growth onto the substrate. Af-
ter each deposition step, the experimental system was allowed
enough time to return to its base temperature and pressure condi-
tions before the TPS spectrum acquisition. Ice growth was moni-
tored by measuring the time delays between the THz pulses from
the current and previous deposition steps.

The deposition of ices was carried out at the substrate base
temperatures of T = 150, 120, and 8 K, which most likely
resulted in the expected Ih, Ic, and ASW ices, respectively
(Curtis et al. 2005; Rocha et al. 2024). For the Ih, Ic, and ASW
ices, the total deposition time was ' 300, 270, and 360 min, re-
spectively, leading to a maximal ice thicknesses of ' 859 and
621 µm, ' 676 and 485 µm, and ' 1082 and 886 µm on each
side of the substrate. A precise estimate of the error associated
with the thickness calculation is difficult, but we estimate it to be
of the order of a few microns.

2.3. THz optical properties and porosity of ices

In accordance with previous papers within our se-
ries (Giuliano et al. 2019; Gavdush et al. 2022, 2025;
Kruczkiewicz et al. 2026), the THz–IR response of ices is
described by the refractive index n and the absorption coefficient
α. These are related to the complex refractive index ñ = n′ − in′′
and the complex dielectric permittivity ε̃ = ε′ − iε′′ via

ñ =
√
ε̃ ≡ n − i

c0

2πν
α, (1)

where n ≡ n′, ν stands for the frequency and c0 is the speed of
light in vacuum.

As discussed by Gavdush et al. (2025), to define the relation
between the dielectric response of compact and porous analytes,
the Bruggeman effective medium model (Bruggeman 1935) was
applied. Once an analysed medium is a compact material filled
with empty pores, this model takes the form

(1 − P)
ε̃bulk − ε̃

ε̃bulk + 2ε̃
+ P

εpore − ε̃

εpore + 2ε̃
= 0, (2)

where ε̃ is the effective complex dielectric permittivity of a
porous medium. Further, εpore = 1 and P are the dielectric per-
mittivity and volume fractions of pores (free space), respectively,
while ε̃bulk and (1 − P) are the dielectric permittivity and vol-
ume fractions of the compact material. The porosity value, P,
is obtained by solving this equation using experimental data for
ε̃ and literature values, ε̃bulk, for compact ice. The accuracy of
the derived value, which can be robustly estimated as ±1.5% in
the present work, depends on the accuracy of the measurements
of the optical properties for bulk and porous ices. To retrieve
the scattering coefficient (µ) of ices and estimate the underlying
effective radius (Reff) of pores from the measured optical con-
stants, we used the method developed by Gavdush et al. (2025),
which combines the Lorentz-Mie scattering theory and the ra-
diative transfer theory.

2.4. Multiple-Lorentz model for the complex dielectric
permittivity of ices

In a similar manner to our previous papers (Giuliano et al. 2019;
Gavdush et al. 2022, 2025; Kruczkiewicz et al. 2026), the ab-
sorption bands of ices are described by the classical multiple-
Lorentz model—a superposition of the Lorentz terms

ε̃ (ν) = ε∞ +

NL∑
j=1

∆ε jν
2
L, j

ν2
L, j − ν

2 + iνγL, j
, (3)

where ∆ε j, νL, j, and γL, j are the real amplitude, resonant fre-
quency, and damping constant of the jth oscillator and ε∞ is the
real constant dielectric permittivity at higher frequencies. In fact,
νL, j and γL, j define the position and width of the jth absorption
peak, while ∆ε j regulates its contribution to the complex dielec-
tric permittivity.

Since the absorption bands of water ice are reportedly non-
Lorentzian and comprise a set of vibrational modes (for in-
stance, it follows from the ab initio simulations by Moberg et al.
(2017) and Escribano et al. (2025b)), several Lorentz kernels are
used to describe each band. In contrast to the common series
of Gaussian bands often used to decompose the FTIR spectra
(Boogert et al. 2015), the described model is physically rigorous.
Indeed, it satisfies the Kramers-Kronig relations and the sum rule
(Martin 1967) originating from the causality principle and the
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charge conservation law, respectively, and governing the electro-
dynamic response of any physical system. Moreover, the model
is close to both the semi-analytical convolution models used to
calculate the dielectric spectra relying on the ab initio simula-
tions (where the Lorentz kernel is convolved with the discrete
set of vibrational modes (Moberg et al. 2017; Escribano et al.
2025b)) and the fully analytical models, such as that by Efimov
(1996) (with the continuous density of states defined by Gaus-
sian statistics).

3. Results

3.1. Literature data on the THz–IR optical properties of water
ice

In Fig. 2, we plot the literature data on the THz–IR optical
properties of H2O ice. Panels (a)–(c) illustrate the data rela-
tive to the Ih phase (Warren 1984; Toon et al. 1994; Clapp et al.
1995; Curtis et al. 2005; Tao et al. 2024; Bertie et al. 1969), pan-
els (d)–(f) show the Ic phase (Curtis et al. 2005; Rocha et al.
2024), and panels (g)–(i) are about the data of ASW samples
(Hudgins et al. 1993; Rocha et al. 2024).

For each set of data, the spectral refractive index, n, and
the absorption coefficient, α, are shown in linear and loga-
rithmic scales. Ice samples with the highest values of opti-
cal constants are believed to have the highest density values.
We highlight them in the figure legend with bold text for the
Ih (Curtis et al. 2005; Toon et al. 1994), Ic (Curtis et al. 2005;
Rocha et al. 2024), and ASW (Hudgins et al. 1993) ices. For
all water ice samples, five absorption bands are visible, and
we assigned them to the lattice (around ν ' 6 THz), libration
(22 THz), bending (44 THz), O – H combination (67 THz), and
O – H stretching (97 THz) modes (Curtis et al. 2005; Rocha et al.
2024). For ASW only, an additional absorption can be observed
at ' 110 THz, which we attributed to the free O – H stretch-
ing mode, also known as the O – H dangling mode (Hsieh et al.
2013; Maty et al. 2021; Nagasawa et al. 2021; Sudera et al.
2020). The O – H dangling mode enables distinction between
compact and porous amorphous water ice in both astrophysi-
cal observations and laboratory data (Palumbo 2005; Noble et al.
2024; Nagasawa et al. 2021). The absorption coefficient for the
entire set of data decreases overall with frequency, reaching a
value close to n ' 1.8 at THz frequencies.

To model the complex dielectric permittivity of the ice sam-
ples, we decomposed the data into Lorentz kernels (Eq. (3)).
The results are overlapped with the literature curves in Fig. 2,
while their parameters are given in Appendix A (Tabs. A.1–
A.3). From panels (a),(d), and (g), we noticed that the devel-
oped model overall reproduces the broadband refractive indices.
It describes well the high values of absorption near the absorp-
tion peaks in the linear scale plots ((b),(e,) and (h)), while it fails
to describe regions of low absorption between the peaks (base-
line) visible in the logarithmic plots ((c),(f), and (i)). The model
exhibits a broadening of the absorption bands from Ih to ASW
ices (i.e. an increase in the number of Lorentz terms required
to describe each band), which is not visible in the experimental
data.

The difficulty the simple Lorentz model has in describing
the low absorption values between the peaks as well as the
asymmetric and broadened peaks can be attributed to differ-
ent factors. In this model, the damping is constant, leading to
peak symmetry. However, due to anharmonicity, the actual bands
may differ from this ideal case (Ipatova et al. 1967). When deal-
ing with non-Lorentzian peaks, one can resort to more com-

plex models, such as the coupled oscillator (Barker & Hopfield
1964) or four-parameter factorised (Berreman & Unterwald
1968; Servoin et al. 1980; Elton & Fernández-Serra 2016) mod-
els, but their applicability is limited by a large number of model
parameters, which do not always reflect the physics and chem-
istry of an analyte.

Another reason for the less accurate match between the data
and the model could be attributed to the baseline subtraction
procedure in the experimental spectra, which is often applied in
FTIR spectroscopy but is usually not described in detail in arti-
cles. This procedure may filter out important information about
interactions between electromagnetic waves and a sample, such
as scattering effects, interference patterns, and non-local low-
intense absorption bands (for example, the Boson peaks). Thus,
the baseline subtraction can affect the useful information in the
measured data by distorting the shape and absolute values of the
absorption bands, as evident in panels (c),(a), and (i), which plot
data by Rocha et al. (2024).

3.2. Measured THz optical properties and the porosity of
water ice

In Fig. 3, we show the mean values of the measured refractive
index and absorption coefficient of water ice in the 0.2–2.3 THz
spectroscopic region (for which few literature data are available)
together with the ±1.5σ error bars (where σ is the standard de-
viation). Panels (a) and (b) illustrate the experimental curves for
our vapour-deposited Ih ice samples, the inferred model, and the
data for the compact Ih ice obtained by Tao et al. (2024) on sam-
ples of frozen water. The THz optical properties of our vapour-
deposited Ih ice are quite similar to those obtained by freezing
water. No narrow spectral features are visible, but a change in the
slope of the baseline shape around 1.6 THz has been interpreted
by Tao et al. (2024) as a broad feature of low spectral intensity.
Following the same interpretation, in our model, we describe the
broad THz band around 1.8 THz by an additional Lorentz term
with ∆εL = 0.049, νL = 1.78 THz, and γL = 1.0 THz (Eq. (3)
and Appendix A).

Assuming the frozen-water Ih ice in the experiment by
Tao et al. (2024) is compact, we applied Eq. (2) to our vapour-
deposited Ih ice as described by Gavdush et al. (2025) and esti-
mated its porosity to be as low as P = 2%. We then used this
porosity value and Eq. (2) to correct our experimental data and
eliminate the contribution of pores to the THz optical properties
of the sample. The resultant corrected curves are shown with
dashed blue lines in Fig. 3 (a) and (b), and they are very close
to the initial curves. The measured THz optical properties be-
fore and after correction as well as those predicted by our model
show good agreement. Our model slightly underestimates the
THz refractive index, which can be explained by its reliance on
IR literature data for vapour-deposited Ih ice, which is treated as
compact but may still retain residual porosity.

When comparing the corrected experimental curve (dashed
blue line) with our model (solid red line) at increasing fre-
quencies, we observed that the experimental data exhibit ex-
cessive extinction. We attribute this effect to THz-wave scatter-
ing from pores and analysed it using the methods developed by
Gavdush et al. (2025). In short, we subtracted the model absorp-
tion from the corrected experimental values and fit the resul-
tant curve using the scattering coefficient model defined in the
Rayleigh limit as µs = Aν4, where A is a function of the known
volume fraction P and effective radius Reff of pores, while εbulk
is the dielectric constant of a bulk host medium. This yielded a
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Fig. 2. Literature data on the broadband (THz–IR) optical properties of H2O ices as compared to the inferred model (Eq. (3) and Appendix A,
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modes. (d)–(f) and (g)–(i): Similar datasets for the Ic and ASW ices, respectively.

reasonably effective pore radius of Reff = 13.1 µm for Ih ice,
which underlies the observed scattering effects.

In Fig. 3 panels (c),(d) and (e),(f), the data for the vapour-
deposited Ic and ASW ices are shown. In the absence of THz lit-
erature data on the compact Ic and ASW ices, we compared our
vapour-deposited samples with the Ih ice reported by Tao et al.
(2024) and a model that includes a broad THz feature around
1.8 THz. While the shapes of the curves for the different ice sam-
ples are quite similar, the values of the THz optical constants
measured for the Ic and ASW ices are much lower than those
for compact Ih. We attribute this effect to the porosity of our
vapour-deposited Ic and ASW ice samples, and we quantified it
in a manner similar to that of Ih ice above.

For the Ic and ASW ices, the porosity appears to be as high
as P ≈ 23% and 35%, respectively. For both ices, the inferred
model predicts the same shape of the THz spectra, while their
values are close to the compact Ih ice. Therefore, we corrected
the experimental curves to simulate a compact ice sample and
then compared the excess absorption observed in the corrected
curves (dashed blue line) with the model (solid red line). This
analysis resulted in the effective pore radii being as high as
Reff = 13.8 and 11.1 µm for the vapour-deposited Ic and ASW
ices, respectively. The error in pore size determination depends
on many factors, including the accuracy of the experimental scat-
tering coefficient fitting procedure, the accuracy in porosity de-
termination, and the accuracy of known dielectric properties of

compact ice. In this study, uncertainties in determining the effec-
tive pore radii are expected to be as small as ±0.5 µm. These Reff

values are quite reasonable for extremely thick (a few hundred
µm) ice samples, which are necessary for measurements in the
THz range. For the Ic and ASW ices, almost all discrepancies
between the measured data and the model are explained by the
porosity and scattering properties of ices. In turn, the non-zero
absorption of Ic ice at lower frequencies cannot be attributed to
scattering by pores. It might be caused by imperfections in the
ice sample geometry as compared to the plane-parallel one, the
presence of a meniscus, or wedges. In fact, they cannot be ac-
counted for during spectroscopic data processing.

3.3. Integrity of the modelled THz–IR optical properties of
water ice

The integrity of the modelled THz–IR optical properties of water
ices can be analysed in the context of the sum rule (Martin 1967),
assuming that the considered spectral range is broad enough to
span all optically active vibrational modes of an analyte. Accord-
ing to the sum rule, the integral over the frequency-dependent
dynamic conductivity σ = 2πνε0ε

′′ is directly proportional to
the number of dipoles or charges underlying the spectral reso-
nances of an analyte.

Taking into account only the dynamic conductivity associ-
ated with the vibrational modes, this integral is clearly defined
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Fig. 3. Experimental (this work) and literature data on the THz optical properties of H2O ices as compared to the inferred model (Eq. (3) and
Appendix A, Tabs. A.1–A.3). (a),(b): Measured refractive index (n) and absorption coefficient (α; by field), respectively, for the Ih ice overlapped
with the data by Tao et al. (2024) and the model. The legend indicates the ice deposition temperature and the corresponding reference. The blue
curves show the experimental data corrected by the Bruggeman model (Eq. (2)) to exclude the P = 2% ice porosity (in comparison to data by
Tao et al. (2024)) as detailed by Gavdush et al. (2025). (c),(d) and (e),(f): Similar datasets for the Ic and ASW ices, respectively. In the absence of
relevant data in the literature, the data for Ih and ASW ices are also compared with those (dashed curves) for Ih ice by Tao et al. (2024), with the
resultant porosity values constituting P = 23% and 35% for our Ih and ASW samples, respectively.

by the strengths of the Lorentz oscillators ∆ε jνL, j, and it should
be constant for all forms of water ice:∫ ∞

0
σdν ∝

∑
j

∆ε jν
2
L, j = const. (4)

In this way, the sum rule demands some equal integral absorp-
tivity of ices. When Eq. (4) is applied to the inferred models
(Eq. (3) and Appendix A, Tabs. A.1–A.3), the resultant total
strength of oscillators varies by ' 30% for the considered Ih,
Ic, and ASW ices. This difference can be explained by the afore-
mentioned baseline subtraction that non-physically reduces the
dynamic conductivity σ.

3.4. Opacities of dust grains covered with water ice

The optical properties of grains play a key role in several as-
trophysical environments, not only for computing the opacity
to include in the models (e.g. Grassi et al. 2017; Ballering et al.
2021; Arabhavi et al. 2022; Dartois et al. 2022) but also for
determining their observability and their actual composition
(Boogert et al. 2015) and retrieval methods (Rocha et al. 2021;
Megías et al. 2025). Since ice-coated dust grains are expected
to be relatively abundant in cold, dense, and UV-shielded envi-
ronments—from dense molecular clouds and prestellar cores to
the cold outer and midplane regions of protoplanetary disks—
in Figure 4 we report1 the opacity κ computed from the optical
constant of ASW, Ih, and Ic H2O ices measured in this work at
different temperatures, namely 8, 120, and 150 K with a volume

1 The data and the plotting routine are publicly available at https://
github.com/tgrassi/qabs_compute; script test_07.py, commit
200cf57.

ratio2 of ice of V = 4.5, which is a reasonable assumption for the
astrochemical ices.

For comparison, we plot the opacities computed with
the optical properties from Ossenkopf & Henning (1994) for
bare grains (i.e. zero volume ratio; dashed grey line) and
for a coating of H2O:CH3OH:CO:NH3=100:10:1:1 (dotted
grey line), which is the mixture at 10 K from Hudgins et al.
(1993) with the addition of spherical amorphous carbon in-
clusions from Preibisch et al. (1993) mixed with the Brugge-
man effective medium approximation (Bruggeman 1935). De-
tails of the calculation employing Mie scattering theory
(Bohren & Huffman 1983) assuming an MRN dust grain size
distribution (Mathis et al. 1977) can be found in Giuliano et al.
(2019).

In addition to the wavelength-dependent opacity data,
we provide a power-law fit, κ = κ0 (λ/1 µm)−β, tradition-
ally employed to describe the opacity at λ & 100 µm
(Ossenkopf & Henning 1994; Ormel et al. 2011; Testi et al.
2014). The values of the parameters of the power-law fit κ at
different ice deposition temperatures are listed in Table 1. In pro-
toplanetary disks, β < 1 is expected (Draine 2006; Birnstiel et al.
2012), while larger values up to β ≈ 2 are found in objects such
as molecular clouds and cores (Juvela et al. 2018). However,
several exceptions suggest that a characterisation of the dust’s
optical properties is crucial for understanding them (Nozari et al.
2025).

4. Discussion and conclusions

In the present work, we have determined the extended THz–
IR broadband optical properties of the Ih, Ic, and ASW ices.
2 Given a spherical dust grain of radius a covered with an additional
layer of ice ∆a, the volume ratio is V = (1 + ∆a/a)3 − 1.
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Table 1. Parameters of the power-law fit κ, defined in the text, for the
different ice deposition temperatures.

T (K) κ0 β

8 3.04(6) 2.10

120 2.81(5) 1.60

150 5.06(6) 2.22

Notes. Note that a(b) = a × 10b.
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This work, 8K, V=4.5

This work, 120K, V=4.5

This work, 150K, V=4.5

Fig. 4. Calculated and reference opacities of astrophysical dust, plotted
as a function of the wavelength. Dashed and dotted grey lines labelled
with OH94 refer to bare grains and dust grains with icy mantles employ-
ing the optical properties described in Ossenkopf & Henning (1994), re-
spectively. Opacities for grains with pure H2O icy mantles at different
temperatures, computed for optical constants of the present work at dif-
ferent temperatures, are depicted by solid lines.

Data obtained from the literature and measured experimentally
by TPS were merged in the broad frequency range of ν = 0.3–
120 THz (the wavelength range of λ = 1 mm–2.5 µm). This
wide spectral region accommodates most of the optically active
vibrational modes of ices. The absorption bands were modelled
in a unified manner by the multiple-Lorentz model of complex
dielectric permittivity (see Eq. (3) and Appendix A), where each
band was described by a set of Lorentz terms to account for the
anharmonicity effects.

The main challenges encountered in modelling the FTIR data
are related to the correction of the background absorption and
the inability of the classical Lorentz model to describe wings of
the absorption peaks, while in the THz region, the main issues
in the optical constant derivation are the porosity and scattering
properties of our thick ice samples. In particular, the porosity of
the water ice was found to increase in the P = 2% – 35% range,
with the substrate temperature varying from T = 150 to 8 K.
This might introduce uncertainties into astrophysical predictions
of the absorptivity and emissivity of icy dust grains. To minimise
this effect, we applied a correction to the measured data that ac-
counts for the different porosity levels of the ice samples. This
should both exclude any non-physical data processing and pro-
vide error bars and detectable absorption levels.

For all states of water ice, the retrieved broadband optical
properties are very close. In the THz region, the largest discrep-

ancy is observed for the Ic ice data, which could be explained
by some variations in the phase state and the porosity of the
sample. For an ice film deposited from the gas phase onto a
cold substrate, one can expect a temperature gradient across the
film thickness during deposition. In fact, this effect is usually
observed for the Ic ice, which is commonly mixed with ASW
(Mastrapa et al. 2009).

The THz spectra do not provide useful information for the
discrimination of the distinct forms of water ice (Fig. 3). For
this, the IR range is preferable, thanks to the dangling O – H
mode of ASW (110 THz) (Palumbo 2005; Hsieh et al. 2013;
Sudera et al. 2020; Maty et al. 2021; Nagasawa et al. 2021;
Noble et al. 2024), as well as observed changes in the profile of
the absorption bands with the deposition conditions for the lat-
tice modes (6 THz), libration (22 THz), bending (44 THz), O – H
combination (67 THz), and O – H stretching (97 THz) bands,
(Fig. 2, Eq. (3), and Appendix A). On the other hand, the TPS
data provide accurate measurements of ice dielectric properties
in the THz range, providing direct reconstruction of the complex
dielectric function of ices without the use of the Kramers–Kronig
relations.

In cold, dense regions, the opacities of dust grains are influ-
enced by the spectral features of the ice mantles covering them,
depending on their chemical composition. Accurate values of
opacity are therefore necessary to interpret dust continuum ob-
servations, especially in star- and planet-forming regions and at
the snowlines of protoplanetary disks. Calculating the opacities
of dust grains covered by H2O ice mantles using our experimen-
tal data produces results that differ from those derived by ex-
tending IR data. This discrepancy cannot be fully attributed to
the mixed composition of the ice used in Ossenkopf & Henning
(1994), as the effect of the minor components on the optical con-
stants of the ice mixture should be negligible. Therefore, our
findings indicate that laboratory measurements provide a more
accurate interpretation of dust continuum emission.
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Appendix A: Parameters of the complex dielectric
permittivity model for water ice

Table A.1. Model parameters (Eq. (3)) for the Ih H2O ice.

ε∞ ∆εL νL, THz γL, THz Band type

1.735

0.049 1.780 1.000 THz mode
0.273 4.675 1.049

Lattice modes

0.050 5.636 0.899
0.004 5.497 0.130
0.120 5.980 1.300
0.080 6.200 1.000
0.250 6.631 0.562
0.070 7.675 1.259

4 × 10−7 15.903 6.968

Libration
0.008 19.776 2.156
0.011 22.263 3.147
0.183 24.565 3.539
0.030 26.946 2.296
0.007 38.253 14.662

Bending0.016 44.751 8.967
0.015 49.134 5.745
0.007 67.381 6.576 O – H combination
0.035 94.339 2.579

O – H stretching0.050 96.523 2.616
0.009 98.893 2.964
0.009 101.187 3.013

Table A.2. Model parameters (Eq. (3)) for the Ic H2O ice.

ε∞ ∆εL νL, THz γL, THz Band type

1.621

0.049 1.780 1.000 THz mode
0.155 3.900 3.009

Lattice modes

0.292 4.750 0.995
0.008 5.598 0.130
0.105 5.873 0.722
0.104 6.311 0.715
0.191 6.737 0.462
0.090 7.724 1.412
0.010 8.650 1.343

3 × 10−7 15.903 6.968

Libration
0.017 18.577 2.535
0.030 21.589 4.017
0.262 23.727 4.840
0.034 26.264 2.907
0.002 40.782 14.111

Bending

0.003 44.202 13.155
0.008 44.205 6.591
0.006 46.503 5.471
0.005 48.709 3.559
0.004 50.404 2.120
0.003 66.630 3.800 O – H combination0.003 69.850 8.264
0.023 95.152 3.277

O – H stretching0.074 97.149 4.035
0.016 99.372 4.003
0.013 102.039 4.005

Table A.3. Model parameters (Eq. (3)) for the ASW H2O ice.

ε∞ ∆εL νL, THz γL, THz Band type

1.742

0.049 1.780 1.000 THz mode
0.172 3.995 1.116

Lattice modes

0.147 4.831 1.103
0.115 5.583 1.086
0.082 6.094 0.992
0.073 6.575 0.900
0.059 7.178 1.076
0.039 8.006 1.237
0.007 12.757 1.225

Libration

0.025 14.270 2.106
0.046 15.691 2.621
0.015 17.015 1.799
0.035 18.205 2.428
0.047 19.595 2.427
0.073 21.201 2.494
0.057 22.661 2.264
0.037 23.983 1.982
0.022 25.209 1.722
0.012 26.370 1.532
0.002 40.527 3.711

Bending

0.004 43.514 4.760
0.003 46.111 3.695
0.002 47.643 2.385
0.006 49.468 2.148
0.003 50.733 1.652
0.0004 63.770 4.640

O – H combination

0.002 66.089 4.203
0.0007 68.026 5.886

2 × 10−5 69.691 6.176
0.0001 70.355 5.193
0.0001 71.598 3.291
0.002 93.742 1.781

O – H stretching

0.016 95.566 2.928
0.014 97.233 2.738
0.017 98.462 2.841
0.006 99.686 1.762
0.007 100.724 1.837
0.005 101.783 1.532
0.001 102.419 3.234
0.003 102.777 1.390
0.002 103.624 1.332
0.001 104.511 1.278
0.0006 105.586 1.354

9 × 10−5 109.904 0.444 Dangling O – H
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