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ABSTRACT

The optical properties of ice in the far infrared are important for models of protoplanetary and debris disks. In this report, we derive
a new set of data for the absorption (represented by the imaginary part of the refractive index κ) of crystalline water ice in this
spectral range. The study includes a detailed inspection of the temperature dependence, which has not been conducted in such detail
before. We measured the transmission of three ice layers with different thicknesses at temperatures ϑ = 10 . . . 250 K and present data
at wavelengths λ = 80 . . . 625 μm. We found a change in the spectral dependence of κ at a wavelength of 175 ± 6 μm. At shorter
wavelengths, κ exhibits a constant flat slope and no significant temperature dependence. Long-ward of that wavelength, the slope gets
steeper and has a clear, approximately linear temperature dependence. This change in behaviour is probably caused by a characteristic
absorption band of water ice. The measured data were fitted by a power-law model that analytically describes the absorption behaviour
at an arbitrary temperature. This model can readily be applied to any object of interest, for instance a protoplanetary or debris disk.
To illustrate how the model works, we simulated the spectral energy distribution (SED) of the resolved, large debris disk around the
nearby solar-type star HD 207129. Replacing our ice model by another, commonly used data set for water ice results in a different
SED slope at longer wavelengths. This leads to changes in the characteristic model parameters of the disk, such as the inferred particle
size distribution, and affects the interpretation of the underlying collisional physics of the disk.

Key words. methods: laboratory: solid state – techniques: spectroscopic – circumstellar matter – stars: individual: HD 207129

1. Introduction

Water in its different forms is ubiquitous in star- and planet-
forming regions (van Dishoeck et al. 2014, and references
therein) as well as in actual planetary systems like the solar sys-
tem (Encrenaz 2008). Water vapour was observed in 24% of gas-
rich disks around T Tauri stars (Riviere-Marichalar et al. 2012)
and in protoplanetary disks such as TW Hydrae (Hogerheijde
et al. 2011). Water ice can be observed in all these disks (e.g.
Waters et al. 1996). On the other hand, liquid water is only as-
sumed to exist in certain objects within the solar system (e.g.
Tobie et al. 2008; Kalousová et al. 2014), but is generally hard
to detect remotely. Especially when a disk gets older, i.e. it trans-
forms into a debris disk, we expect only solid state forms to sur-
vive the sublimation and dissociation caused by stellar radiation.

There are two basic types of water ice: crystalline and
amorphous. Which of the two ice types occurs depends on
the temperature at which it has formed. Ice formed at tem-
peratures below 110 K acquires a totally amorphous structure,
while at higher temperatures it becomes crystalline (Smith et al.
1994; Moore & Hudson 1992). If amorphous ice is warmed
above 110 K, it will also become crystalline. But the transfor-
mation occurs not at this single temperature, but over a range
up to 130 K (e.g. Schmitt et al. 1989). Crystallization is an irre-
versible process, which leads to the suggestion that water ice in
a crystalline form dominates even in cold regions of protolane-
tary systems. Because of radial mixing, the crystalline water ice,
which has possibly formed in the warmer regions of the disk near
the star, could have been spread over the whole disk. A similar

scenario is used to explain the existence of crystalline silicates
in colder regions of protoplanetary disks (e.g. van Boekel et al.
2004). On any account, crystalline water ice was found in sev-
eral protoplanetary disks around young stars (e.g. Terada &
Tokunaga 2012; McClure et al. 2012).

As successors of the described protoplanetary disks, debris
disks must contain crystalline water ice as well because the
dust in them is produced by collisions between small bodies,
which have initially formed in the protoplanetary stage of the
system. Some crystalline minerals have already been found, no-
tably crystalline silicates in the environment of β Pictoris (e.g.
de Vries et al. 2012). Yet no clear observational evidence for
water ice in debris disks has been found so far. However, includ-
ing crystalline water ice into the assumed composition for debris
dust has been shown to improve models of debris disks in many
cases, resulting in a better fit to the observations (e.g. Chen et al.
2008; Reidemeister et al. 2011; Lebreton et al. 2012; Donaldson
et al. 2013).

Therefore, the optical properties of ice are important for un-
derstanding of the physics of planetary and protoplanetary sys-
tems. The far-infrared spectral range (λ > 50 μm) is especially
interesting since the thermal radiation emitted by such cold ob-
jects peaks at these wavelengths. There have been many experi-
mental campaigns to measure optical data (for absorption in par-
ticular) of water ice in the infrared. Most of these campaigns
cover the near-infrared range (e.g. Grenfell & Perovich 1981;
Kou et al. 1993) and the region of the strong absorption bands
of water ice around 44 and 63 μm (Moore & Hudson 1992;
Smith et al. 1994; Johnson & Atreya 1996; Schmitt et al. 1998).
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The shapes of the features at 44 and 63 μm has been found to
differ for amorphous and crystalline ice. In the latter, two sharp
peaks at both positions are clearly seen, whereas in amorphous
ice there is one smaller and broader peak at around 44 μm with
only a shoulder at the longer wavelength end. While the feature
region is well explored, there were only a few investigations of
wavelengths beyond them (λ ≥ 100 μm).

In this paper, we measure the absorption of crystalline water
ice at 45 μm < λ < 1000 μm for six different temperatures be-
tween 10 K and 250 K. We approximate the behaviour by power-
law models and take particular care of the temperature depen-
dence of the absorption index κ and a previously noted water ice
feature at about 166 μm generated by intermolecular bending
modes (Wozniak & Dera 2007), because this feature is not yet
discussed in the astronomical literature.

Section 2 gives a short overview of the previous measure-
ments on ice in the far infrared. The measurement techniques
and the treatment of the data are described in Sect. 3. The results
are presented in Sect. 4. In Sect. 5, we compare our results to
previous data sets and discuss possible future measurements. To
illustrate how our results can be applied to specific objects, in
Sect. 6 we use them to simulate the debris disk of HD 207129.
Section 7 lists our conclusions.

2. Previous work

Investigations on the absorption of water ice for wavelengths be-
yond 100 μm are rare and differ substantially in quality. Some
of these data sets comprise very few data points (see Irvine &
Pollack 1968; Bertie et al. 1969), some spread over more than an
order of a magnitude (see Hudgins et al. 1993), and some only
give relative values (see Bertie & Whalley 1967). Accordingly,
for further inspection we only selected three data sets free of
these shortcomings:

– Curtis et al. (2005) condensed water vapour on a cooled sub-
strate to produce an ice layer. They measured at the tem-
perature at which the ice had formed. These temperatures
ranged from 106 K to 176 K where between the measure-
ments at 126 K and 136 K the ice transforms from amor-
phous to crystalline state. Additionally, they adjusted the
layer thickness to the wavelength region of the measure-
ment. For the far-infrared region the thickest layers were
used to obtain an appropriate absorption signal. Altogether,
their data cover the range from 15 μm to 192 μm.

– Whalley & Labbé (1969) froze distilled water in their ex-
periments and measured in a wavelength region of λ =
235 . . .455 μm. This technique always resulted in polycrys-
talline water ice, independent from the temperature.

– Mishima et al. (1983) performed their measurements with
monocrystalline ice cubes at wavelengths from 400 μm
to 1.25 mm. The technique used to produce monocrystalline
ice is not described in their study.

These three data sets are visualized in Fig. 1 for temperatures
near 100 K and crystalline ice only. The figure plots the imagi-
nary part κ of the refractive index N = n + iκ depending on the
wavelength. We have chosen κ because it is a material parameter
independent of the geometry of the sample.

Most of these data are for crystalline ice. Only Hudgins et al.
(1993) and Curtis et al. (2005) measured both ice types beyond
the feature area. The Curtis et al. data reveal no significant differ-
ence between the two ice types, except for the features (Fig. 2).
The data of Hudgins et al. show a huge scatter for λ > 100 μm,
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Fig. 1. Data for the imaginary part κ of the refractive index N = n + iκ.
Shown are data from Curtis et al. (2005), Mishima et al. (1983) and
Whalley & Labbé (1969) for crystalline water ice near 100 K.
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Fig. 2. Imaginary part κ of the refractive index N for different tempera-
tures and ice types from Curtis et al. (2005) and Hudgins et al. (1993).

but also no particular difference between the amorphous and
crystalline ice type. In this case, there is not even a difference
in the feature region to be seen. This might lead to the sugges-
tion that Hudgins et al. measured amorphous ice only, despite
the temperature of 140 K. For λ > 200 μm, no measurements
of both ice types have been performed. As a result, a compre-
hensive comparison of amorphous and crystalline ice is hard to
make.

To overcome the problems of the measurements and to alle-
viate applications of the laboratory data to astronomical objects,
there have been some attempts to create an artificial model to
describe the optical properties of ice.

Warren (1984) combined multiple data sets for crystalline
water ice into one, ranging from the ultraviolet to the radio wave
region (44.3 nm to 8.6 m). To obtain a data set for a tempera-
ture of ϑ = 213 K (−60 ◦C) he used the difference in absorption
between the 100 K and 200 K measurements from the data of
Mishima et al. (1983) and Whalley & Labbé (1969) to extrapo-
late linearly to 213 K. He also used the extrapolation to fill the
gap at λ ≈ 170 . . .235 μm where no data were available.

Except for the treatment of the temperature dependence in
Warren (1984), only Irvine & Pollack (1968) discussed the
change in the absorption. However, their study only covers
the λ ≤ 100 μm range.

A revised version of the data from Warren (1984) was pub-
lished by Warren & Brandt (2008), who included more recent
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Fig. 3. Data for the imaginary part κ of the refractive index N. Shown
are the models from Warren (1984), Li & Greenberg (1998), and Warren
& Brandt (2008).

data, for example from Curtis et al. (2005). They used three
measurements of Curtis et al. (2005) at the highest temperatures
(156 K, 166 K and 176 K) and extrapolated their temperature de-
pendence linearly to 266 K. Unfortunately, the new data set of-
fers no improvement at wavelengths λ > 100 μm, because of the
lack of data in this region (see Fig. 6 in their publication).

Li & Greenberg (1998) used a simpler way to create a new
data set for amorphous water ice. They took the 10 K measure-
ment from Hudgins et al. (1993) for amorphous water ice up
to λ = 100 μm and extrapolated them with the aid of a simple
power law (κ ∝ λ−0.5) up to λ = 10 mm. Although their model
disagrees with some other measurements (e.g. Whalley & Labbé
1969; Mishima et al. 1983), it remains the most commonly used
data set for models of diverse astronomical objects, especially
debris disks (e.g. Su et al. 2005; Löhne et al. 2012).

All three models for ice in a range of λ = 50 . . .1000 μm are
shown in Fig. 3.

3. Methods

3.1. Experimental methods

3.1.1. Sample production

The best controlable way to produce a layer of water ice is to
deposit water vapour on a cooled substrate (e.g. Smith et al.
1994; Moore & Hudson 1992; Hudgins et al. 1993; Curtis et al.
2005). In the far infrared, where κ drops to ∼10−3 at ∼500 μm
(see Fig. 1), the absorption coefficient δ = 4πκλ−1 is as small
as 0.025 mm−1. Therefore, we need relatively thick ice layers
to measure significant absorption. In this case, the depositing
method is hard to use because it requires a very long deposition
time.

Thicker ice layers can be obtained by freezing a certain
amount of distilled water (Whalley & Labbé 1969) or by pro-
ducing a big single crystal of water ice (Mishima et al. 1983).
Either way, this always results in ice of crystalline type.

Our experiments are similar to those of Whalley & Labbé
(1969). The samples were produced by putting double distilled
water between two windows of polyethylene (see Fig. 4) in a
continuous flow helium cryostat (CryoVac KONTI Spektro B)
and freezing it by cooling the cryostat down to 250 K. One of the
windows had an extra rim of height d0. In this way, we obtained
an ice layer of hexagonal (Ih) polycrystalline water ice with an
approximate, nominal thickness d0 for our measurements.

The windows were made from polyethylene powder that
was pressed with a specially manufactured die at a pressure
of 10 t cm−2. Afterwards the powder was fused at a temperature

Fig. 4. Construction of the sample (details in the text).

of 140 ◦C. The resulting windows had a thickness of D1,2 =
0.91 . . .1.78 mm at room temperature.

3.1.2. Measurements

All the measurements were taken in a Fourier transformation in-
frared spectrometer (BRUKER 113v) with the cryostat inserted
into the sample chamber. We measured directly in the cryostat
through four polyethylene windows in the walls of the cryostat.
The inner board of the cryostat was cooled by liquid helium.
With a contact gas (also helium) the sample was then cooled
to 250 K, 200 K, 150 K, 100 K, 50 K, and 10 K. At each tem-
perature we investigated the transmission T by first taking a ref-
erence spectrum with an empty sample holder in the cryostat
and then measuring the sample itself. By doing this we elimi-
nated the influence of the optical devices on the spectrum of the
sample.

We measured in three different wavelength regions and
used two different detectors (one of deuterated triglycine sul-
fate and a LHe-cooled bolometer). The wavelength regions are
mostly determined by the thickness of the mylar foil in the
beam splitter. We used three different beam splitters with foils
of 12 μm, 23 μm, or 125 μm where the thickest was used for the
longest wavelengths.

Depending on the wavelength region, we varied d0
from 100 μm to 3 mm. To probe the shorter wavelengths
with λ = 45 . . .200 μm, a thin layer of d0 ≈ 100 μm was used
(measurement 1, M1). For λ = 100 . . .500 μm, we used a layer
of about 500 μm thickness (measurement 2, M2). For the longest
wavelengths, λ = 200 . . .1000 μm, we chose d0 ≈ 3000 μm
(measurement 3, M3). The reason for this approach is the steep-
ness of the absorption spectrum. Towards shorter wavelengths,
the ice gets opaque, for longer wavelengths, the absorption drops
below detectable values. How rapidly the drop turns out depends
on the temperature ϑ. Therefore, we chose the layer thickness in
such a way that for representative wavelengths (100 μm, 200 μm
and 350 μm) of the corresponding spectral ranges the absorption
does not drop below 20% for all temperatures, but is still thin
enough to be not opaque at these wavelengths. The range where
reliable measurements are possible shifts to shorter wavelengths
with decreasing thickness of the ice layer.

3.2. The background spectrum

As mentioned above, the sample consists not only of an ice layer,
but also of two additional polyethylene windows. To isolate data
describing only the ice, we needed to divide the measured trans-
mission T by a background spectrum T0 that only derives from
the absorption in the polyethylene windows.

When measuring such a background spectrum of the two
polyethylene windows separated by a vacuum layer, the result
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Fig. 5. Examples for the transmission T0 of the background measure-
ment and the corresponding oscillator fit. For the background mea-
surement the sample only consisted of the two polyethylene windows
with D1 and D2 (here: D1 = 1.68 mm and D2 = 1.65 mm) and a vacuum
interlayer of thickness dvac (best-fit here: dvac = 143 μm).

is influenced by interference effects due to multiple reflection
in the interlayer. These interferences almost disappear when the
vacuum is replaced by ice later on, because the amplitude of the
intereferences A is proportional to Δn2, where Δn is the differ-
ence between the real parts of the reflective indices of polyethy-
lene, nPE, and the interlayer, nvac/ice. The difference Δn shrinks
from Δn ≈ 1.5 with vacuum to Δn ≈ 0.3 with ice in between.
Because of these effects we had to remove the interferences in
the background itself by taking only the polyethylene windows
into account.

To do this, we used the commercial thin-layer optics pro-
gram SCOUT 21 to fit an oscillator model to the measured back-
ground spectrum. The model describes a three-layer system that
consists of a polyethylene layer D1, a vacuum layer dvac, and
another polyethylene layer D2. The thickness of the vacuum
interlayer dvac was considered unknown.

To describe the wavelength-dependent complex refractive in-
dex NPE(ν̃) =

√
εPE(ν̃) (with ν̃ being the wavenumber and ε the

dielectric function) of polyethylene in this model we used two
Lorentz oscillators, a and b. Oscillator b describes the absorp-
tion band of polyethylene near 130 μm. The refractive index is
then given by

NPE(ν̃)2 = ε0 +
Γ2

a

(ν̃20,a − ν̃2) − iν̃γa
+

Γ2
b

(ν̃20,b − ν̃2) − iν̃γb
(1)

where ν̃0 is the resonance position, Γ is the strength, γ is the
damping of an oscillator, and ε0 was set to 2.25 (ε0 � nPE(ν̃)2).
For the vacuum layer, Nvac(ν̃)2 = εvac(ν̃) = 1 applies.

Varying the parameters ν̃0, Γ, and γ for each of the two os-
cillators as well as the thickness of the vacuum layer dvac, the
transmission calculated from the oscillator model was fitted to
the measured background spectrum. Figure 5 demonstrates that
the model reproduces the data quite well. There is only a slight
discrepancy at the shorter wavelengths. It traces back to the di-
vergence of the beam of the spectrometer that limits its coher-
ence at short wavelengths. This effect was not considered in the
model.

Once all oscillator parameters for polyethylene and the (best
fitting) thickness of the vacuum interlayer are known, the vac-
uum layer can be removed from of the model. Then, with
the found NPE(ν̃), we were able to calculate a transmission
spectrum for two polyethylene windows, even with variable
thicknesses D1 and D2. This way we got a modelled background
spectrum T0 for each sample configuration and temperature.

1 M. Theiss Hard- and Software, Aachen, Germany.

Fig. 6. Calculated background spectra T0 for a system of two polyethy-
lene windows with D1 = 1.68 mm and D2 = 1.65 mm at temperatures
between 10 K and 250 K. On the right is a close up on the region of the
feature and the temperature dependence therein.

Table 1. Best-fit oscillator parameters Γ, ν̃0 (or ν̃′0) and γ for the mod-
elled background spectra at all measuring temperatures.

Oscil. ϑ Γ [cm−1] ν̃0 [cm−1] γ [cm−1] ν̃′0 [cm−1]

a 28.7 4.0 × 106 5.7 × 106 514.4

b 10 K 1.19 78.4 6.8 78.3
50 K 1.21 78.4 10.9 78.0

100 K 1.19 78.2 15.2 77.5
150 K 1.15 77.3 24.1 75.4
200 K 1.18 80.2 41.0 74.8
250 K 1.10 79.3 44.9 72.8
300 K 1.02 80.1 53.3 70.7

For exemplary thicknesses D1 and D2, the resulting background
spectra T0 for different temperatures ϑ between 10 K and 250 K
are shown in Fig. 6.

Clearly, the background spectrum is temperature dependent.
There is a shift to longer wavelengths and a broadening of
the 130 μm feature of polyethylene. Accordingly, the param-
eters for oscillator b had to be calculated for all temperatures
used in the measurements. In contrast, oscillator a, which causes
the continuum absorption, showed no significant temperature de-
pendence after all, having a constant γ over the entire tempera-
ture range. All calculated parameters for a and b are listed in
Table 1. Note that the resonance position ν̃0 is almost constant,

while the actual feature position in the spectra ν̃′0 =
(
ν̃20 − 1

2γ
2
) 1

2

is temperature dependent, since γ = γ(ϑ).

3.3. Correction of data

In each of the three wavelength ranges measured, the transmis-
sion of the respective ice layer (100 μm, 500 μm, or 3 mm) varied
between very low values and almost complete transparency. The
strong overlap of the wavelength ranges allowed us to use only
those measured values where the absorption was detected with
the highest sensitivity and accuracy, i.e. in the range of trans-
mission values between 10% and 90% of the maximum value.
The wavelength ranges resulting from this constraint are listed
in Table 2.

The comparison with M1 and M3 showed that M2 suffered
from a relatively strong additional intensity loss caused by scat-
tering effects and deflection of the beam. This can be caused
by inhomogeneities of the ice layer or impurities in the ice it-
self. Since for the thinner ice layers the layer thickness is also
more uncertain, we decided to normalize M1 and M2 to the val-
ues of M3. The latter showed almost no additional losses and
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Fig. 7. Coefficient κ for the measurements M1 to M3 at the tempera-
tures 10 K, 50 K, 100 K, 150 K, 200 K and 250 K for λ � 100 μm.

the layer thickness should be accurate to about 10%. The only
correction done for M3 was to include the reflection losses at the
two polyethylene-ice boundaries of the sample, which were not
considered in the model of the background spectra by raising the
transmission by about 1.8%.

Intensity loss, on the one hand, and the uncertainty in the
thickness, on the other hand, suggest using two normalization
factors. First, the transmission is corrected by a factor fcorr giving
a higher transmission Tcorr, j = (T j/T0, j) × fcorr, with T j = T (λ j)
being the original measured data points and T0, j = T0(λ j) the
background transmission at the same wavelengths λ j. Second,
we varied the nominal thickness d0 to a corrected value of dcorr.
We determined the values for the correction by minimizing
the difference of the measured transmissions in the overlapping
wavelength regions first of M3 and M2, and second of the cor-
rected version of M2 and the original M1. The correction factors
were determined for each temperature and then averaged to get
a single set for all temperatures.

As a result, the nominal thickness d0 = 100 μm for M1
turned out to require a stronger correction to dcorr = 202±33 μm,
whereas the measured transmission of M1, in principle, needed
no correction. For M2 the opposite was found: the nominal
thickness d0 = 500 μm was accurate to 10%, whereas the
transmission had to be corrected by a factor of fcorr = 1.6 ± 0.1.

3.4. Describing the absorption

To describe the absorption, we chose the imaginary part κ (many
other terms are used in the literature) of the complex refractive
index N. As explained before, this is most appropriate, because κ
is a constant of the material itself and therefore independent of
the geometry of the sample.

To gain κ(λ j) from the transmission measurements at each
wavelength λ j, we applied the equation

κ(λ j) = −ln(Tcorr, j) ×
(
λ j

4π

)
×

(
1

dcorr

)
(2)

to all points of the transmission measurement T j.

Table 2. Used wavelength ranges for the measurements M1 to M3.

ϑ M1 M2 M3
10 K (80–192) μm (149−313) μm (225−370) μm
50 K (82–192) μm (153−323) μm (225−400) μm

100 K (82–185) μm (154−345) μm (229−417) μm
150 K (85–182) μm (162−345) μm (240−500) μm
200 K (87–182) μm (171−370) μm (259−556) μm
250 K (93–192) μm (182−385) μm (296−625) μm

4. Results

In Fig. 7 the resulting data are displayed for the three measure-
ments M1 to M3 at all six temperatures from 10 K to 250 K.
The measurement M1 yields a smooth curve with only a bit of
noise at the longer wavelength end of its domain. In some cases
some artefacts appear that are caused by incomplete reduction of
the 130 μm feature of polyethylene in the background spectrum.
The data from M2 are much noisier, especially at higher tem-
peratures and at longer wavelengths, whereas those from M3 are
very smooth again, with only slight interference effects (fringe
pattern) at wavelengths beyond 500 μm. Besides, a low beam
intensity around 447 μm caused by the optical properties of the
beam splitter (125 μm polyethylene foil) forced us to leave out
the wavelengths from 416.7 μm to 476.2 μm in M3.

4.1. Temperature dependence

The behaviour of κ obviously changes at around λ = 200 μm.
Short-ward of that wavelength, the slope stays nearly constant.
At longer wavelengths, κ decreases with increasing λ, and there
is a clear temperature dependence of the slope. To quantify these
visual impressions, we fitted the data with power laws of the
form

κ = ϕ ×
(
λ

λ0

)−α
, (3)

where ϕ and α are constant for all temperatures in each of the
three measurements M1 to M3. The parameter of interest is α
because it basically describes the slope of κ. The constant λ0
is used for normalization and was set to 200 μm as a typical
wavelength.

We fitted the power law at the three measurements 1 to 3,
which lead us to the fits κ(M1) to κ(M3). The fitting was done in
the central 50% of the ranges listed in Table 2. The resulting α
depending on the temperature is plotted in Fig. 8.

The slope of κ(M1) is flat, α1 = 0.1 . . .0.5, over the en-
tire temperature range, whereas that of κ(M2) and κ(M3) is
much steeper. For κ(M2), α is decreasing with temperature
from α2 
 5 (ϑ = 10 K) to α2 
 2.5 (ϑ = 250 K). An even
stronger temperature dependence occurs for κ(M3), with α rang-
ing from more than 4 at 10 K to about only 0.5 at 250 K. A linear
fitting with αi(ϑ) = mi × ϑ + ni (i = 1, 2, 3) results in

m1 ≈ −0.0004 K−1, (4)

m2 = (−0.009 ± 0.001) K−1, and (5)

m3 = (−0.017 ± 0.001) K−1. (6)

To determine more accurately the wavelength where the be-
haviour of the slope is changing, we searched for the intersection
of the three power law fits at each temperature ϑ (see Fig. 9).

The intersection point between κ(M1) and κ(M2) is nearly
independent of temperature, λintersec. 1-2 = (175 ± 2) μm. In
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contrast, the intersection between κ(M2) and κ(M3) depends on
temperature linearly:

λintersec. 2-3 = (0.38 ± 0.06) μm K−1 × ϑ + (201 ± 9) μm. (7)

Such a behaviour can be explained by a spectral feature that is
broadening with temperature, and therefore the slope α is de-
creasing with temperature in the region of the long wavelength
wing of the feature. In fact, Wozniak & Dera (2007) reported an
absorption band at around 166 μm caused by an intermolecular
bending mode that can be associated with the intersection value
of κ(M1) and κ(M2).

4.2. Analytic model

Having determined the temperature dependence, we now create
a simple analytic model that can be applied to the actual temper-
ature of any object of interest. For this purpose, we assume three
power laws

κi(ϕi, αi) = ϕi ×
(
λ

λ0

)−αi

, (i = 1, 2, 3) (8)

to account for the three distinct regions with different behaviour
of the absorption. Region 1 starts at λ = 94 μm right after
the strong absorption features of water ice at around 44 μm
and 63 μm. The other two regions are separated by the inter-
section wavelengths λintersec. 1-2 and λintersec. 2-3 found above. The

10−3

10−2

10−1

 100  200  500

κ

λ [μm]

250K
150K

10K

Fig. 10. Analytic model for κ calculated for the temperatures 10 K,
150 K, and 250 K (formulas are given in the text).

longest wavelength λmax covered by the model is the maximum
wavelength probed in measurement 3 (see Table 2). It increases
linearly with temperature:

λmax = 1.1 × ϑ + 341 μm. (9)

The slopes αi are those from the linear fits αi(ϑ) described above
(Eqs. (4) to (6)):

α1 = const. = 0.35, (10)

α2 = −0.009 × ϑ + 5.0, and (11)

α3 = −0.017 × ϑ + 4.7. (12)

The factors ϕi were determined by finding the best possible fit-
ting at the region boundaries. The result was a nearly constant
value for ϕ1 and a linear dependence for ϕ2 and ϕ3:

ϕ1 = 0.0188, (13)

ϕ2 = 0.017 + (9 × 10−5) × ϑ, and (14)

ϕ3 = 0.034 + (8.9 × 10−5) × ϑ. (15)

Note that the value for ϕ1 is somehow artificial and due to the
fitting at the region boundaries. There is no clear temperature
dependence like this seen in the measurements. However, the
resulting model from Eqs. (8)–(15) is visualised in Fig. 10 for
three exemplary temperatures.

Further, to make the model usable, we had to extend the
data set to λ < 94 μm and λ > λmax. We did this by applying
the λ = 15 . . .94 μm measurements from Curtis et al. (2005) for
crystalline ice at a temperature of 136 K. At λ < 15 μm we used
data from Li & Greenberg (1998). Finally, at λmax < λ < 10 mm
the absorption was computed by an extrapolation of κ3(ϕ3, α3).

For most applications, the real part n of the complex refrac-
tive index N is also needed. The Kramers-Kronig relation links n
and κ, which means that a similarity in κ of two data sets im-
plies a similarity in n of the two. But contrary to κ, n does not
spread over a wide range in the far infrared in the data sets dis-
cussed above. In case of crystalline water ice n always stays
in a narrow range of n = 1.75 . . .1.85 with no strong temper-
ature dependence, for λ ≥ 100 μm (see Fig. 11). Amorphous
ice has a slightly reduced refractive index (see data of Li &
Greenberg or Curtis at 106 K). Minor temperature related vari-
ations seem to be linked to the change of the 44 and 63 μm
features in the absorption. Therefore, we just used temperature
independent data of Warren (1984) for n in our model in the
wavelength range λ > 94 μm. This compilation used, amongst
others, the data of Mishima et al. (1983) and Whalley & Labbé
(1969), which have good agreement with our data in terms of κ
(see Sect. 5.1). At shorter wavelengths (λ < 94 μm) we used data
from Curtis et al. (2005) and Li & Greenberg (1998) for n in the
same wavelength ranges as for κ.
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Fig. 12. Comparison of literature data for κ and our measure-
ments at temperatures of 100 K (top) and 200 K (bottom). Literature
for 100 K: Curtis et al. (2005) at 106 K, Whalley & Labbé (1969)
at 100 K, Mishima et al. (1983) at 100 K. For 200 K: Curtis et al.
(2005) at 176 K, Whalley & Labbé (1969) at 200 K, Mishima et al.
(1983) at 200 K. All literature data are for crystalline ice, except for
the 106 K-measurement of Curtis et al. (2005), which is for amorphous
ice.

5. Discussion

5.1. Comparison with literature

We compared both our measured data and our model with litera-
ture data for the two temperatures 100 K and 200 K. We chose
the data sets of Curtis et al. (2005), Mishima et al. (1983),
and Whalley & Labbé (1969) for this comparison and gener-
ally found good agreement with our data (see Fig. 12), with a
few exceptions reviewed below. Also, our model reproduces our
measured data with good accuracy.

There is a slight disagreement between our measurements
and those by Curtis et al. (2005) at 106 K, which could be caused
by the fact that their data at this temperature are for amorphous
ice, since amorphous ice seems to have a higher absorption in
the region right after the strong feature (see Fig. 2). In addition,
a small peak in their 176 K measurement at about 100 μm is not
seen in our data. Note, however, that this peak was not found in
any other measurement from the literature either. At 100 K, the
data of Mishima et al. (1983) suggest a slightly higher absorp-
tion compared to our results. This may possibly be caused by ex-
trapolating κ3(ϕ3, α3) to λ > λmax, where it is not supported by
measurements.

 1⋅10−2
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 100  150  200  250  300  350

κ
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Warren & Brandt (2008) 266K, cryst.
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our model 266K
our model 213K

Fig. 13. Coefficient κ in the region around the 175 μm feature in the
data sets of Warren (1984) and Warren & Brandt (2008) compared to
our model at the same temperatures.

The feature that we found at 175 ± 6 μm can also be seen in
the compilation data of Warren (1984) with the caveat that the
underlying data have a gap surrounding this wavelength. Yet,
Warren (1984) noticed that the data sets at different tempera-
tures converge at a wavelength of around 166 μm. Although he
offered no explanation, why this is happening, he based his in-
terpolation in this wavelength range on this fact. As a result, he
obtained a slight bend in the absorption index κ (see Fig. 13).
Later, Wozniak & Dera (2007) associated this bend with an ab-
sorption band of crystalline water ice. They argued that the fea-
ture is caused by intermolecular bending modes. In the revised
publication of Warren’s data (Warren & Brandt 2008), the fea-
ture is not seen at all because of the scarcity of data points in this
area (see Fig. 13).

5.2. Outlook

What still remains largely unexplored are the possible fine dif-
ferences in optical properties of different types of ice. Although
Fig. 2 suggests that most of the differences between amorphous
and crystalline ice are in the regions of spectral features, this
is only valid at λ ≤ 200 μm. We do not know the behaviour
of amorphous ice at longer wavelengths. For silicates, there is
an immense rise in the absorption for the amorphous structure at
long wavelengths (Fabian et al. 2000). This is because of the dis-
order of the solid that allows for absorption by vibration modes
that cannot be excited in an ordered crystal. The same effect
could possibly occur for water ice. To verify this, it would be
straightforward to carry out measurements similar to those de-
scribed here, but with amorphous ice. However, we cannot pro-
duce amorphous ice by freezing distilled water. We would have
to use the depositing method, which is not easy, as sufficiently
thick layers are required for reliable measurements.

Besides possible differences between amorphous and crys-
talline ice there might be differences in the crystalline ice itself,
since two possible types (hexagonal ice Ih and cubic ice Ic) exist
in astronomical environments. Also, the knowledge about dif-
ferences in polycrystalline and monocrystalline ice needs signif-
icant improvement. Future measurements should address these
uncertainties as well.

6. Application on the debris disk HD 207129

Of many possible applications of our model, we have selected
here one specific object to illustrate how our model works and
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which kind of implications replacing one model of ice with an-
other might have.

The object in question is the debris disk around the G2V star
HD 207129 at a distance of 15.6 pc (Rhee et al. 2007). The disk
has been observed by many instruments at wavelengths from
mid-infrared through submillimetre wavelengths, resulting in a
densely sampled spectral energy distribution (SED) and resolved
images at several wavelengths. Accordingly, detailed models of
the disks have been developed. For more information about the
object, the observational data, and models that describe the disk,
see Marshall et al. (2011); Löhne et al. (2012) and references
therein.

It is not our intention to create a more accurate model of the
debris disk than was done previously. We merely aim to show the
principal impact of the ice data on the disk’s SED. Therefore,
we chose a very simple model consisting of one dust ring and
one material component. The disk was described by a power law
model of the form

n(r, s) ∝ r−ξ × s−η, (16)

which gives the number density n(r, s) at each radius r ∈
[rmin, rmax] and particle size s ∈ [smin, smax]. Both ξ and η were
assumed to be constant over the entire disk. The values for all
the parameters were taken from the modelling paper of Löhne
et al. (2012):

rmin = 57 au, rmax = 194 au, ξ = −2.2,

smin = 2.8 μm, smax = 1 mm, and η = 3.8.

These values were found for a dust composition with 50% wa-
ter ice (data from Li & Greenberg 1998) and 50% astro-silicate
(data from Draine 2003). In our simulations of the SED2, we
assumed a dust composition with different fractions of ice rang-
ing from 40% to 80% with the optical data given by our own
model (at a temperature of 55 K). For comparison, we did the
same with the data given by Li & Greenberg (1998). Similar to
Löhne et al. (2012), we mixed the optical constants of ice and
astronomical silicate (Draine 2003) by means of the Bruggeman
(1935) mixing rule. The absorption index κ for the two (pure)
ices and two exemplary mixtures is shown in Fig. 14. One can
see a clear dominance of the astronomical silicate on the optical
properties of the ice-silicate mixture, because the difference of
a mixture with 40% and 80% ice is relatively small compared
with 80% ice to 100% ice. Note that the optical properties of the
astronomical silicate are also uncertain because the material was
first introduced to describe the observations in the interstellar
medium (ISM; Draine & Lee 1984). Since the ISM is a com-
pletely different environment than the neighbourhood of a star,
the optical properties of the silicate dust might be different here.

Strictly speaking, we are not allowed to use the parameters
from Löhne et al. (2012) for ice fractions other than 50%. In
principle, we would need to vary all of the parameters simul-
taneously, trying to find the best fit (with a least χ2-test) to the
observational data (given in Table 3) for each of the mixtures and
each of the ice models. However, for illustrative purposes we de-
cided to use a simpler approach and varied only one parameter,
η, being aware that a change of η implies a change in other disk
parameters, too.

For the photosphere of the star we used a model from the
Phoenix NextGen grid of Hauschildt et al. (1999) that corre-
sponds to the temperature, metallicity, and surface gravity of the

2 For the simulation we used to the program “SEDUCE” (short for
“SED Utility For Circumstellar Environments”) from Müller (2010).
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Fig. 14. Coefficient κ in our model (at ϑ = 55 K) and in the data of
Li & Greenberg (1998) for pure ice (top), a mixture of 80% ice and
20% astronomical silicate (middle), and 60% ice and 40% astronomical
silicate (bottom).

Table 3. Photometry data of HD 207129 for λ > 20 μm.

λ [μm] Ftot
λ [mJy] Instrument (reference)

24 155 ± 5.3 MIPS (Trilling et al. 2008)
32 111 ± 5.1 IRS (Krist et al. 2010)
60 228 ± 34 IRAS (Faint Source Catalogue)
60 291 ± 58 ISOPHOT

(Jourdain de Muizon et al. 1999)
70 284 ± 29 PACS (Marshall et al. 2011)
70 278 ± 11 MIPS (Trilling et al. 2008)
90 283 ± 57 ISOPHOT

(Jourdain de Muizon et al. 1999)
100 311 ± 36 PACS (Marshall et al. 2011)
160 211 ± 42 PACS (Marshall et al. 2011)
160 250 ± 40 MIPS (Krist et al. 2010)
160 150 ± 20 MIPS (Tanner et al. 2009)
250 113 ± 18 SPIRE (Marshall et al. 2011)
350 44.3 ± 9 SPIRE (Marshall et al. 2011)
500 25.9 ± 8 SPIRE (Marshall et al. 2011)
870 5 ± 3 APEX (Nilsson et al. 2010)

star. According to Rhee et al. (2007), the disk has a black-body
temperature of 55 K, which we used as ϑ in our ice model.

The resulting SEDs of the simulations for three amounts of
ice are shown in Fig. 15. The best-fit η values for five ice-silicate
mixtures and each of the two ice data sets are listed in Table 4.

In the simulations done with our model η is always smaller,
compared to those done with the Li & Greenberg model, to
counteract the steeper slope of κ at longer wavelengths in our
data set. The difference of η between the two models grows with
the amount of ice in the mixture. That is expected because the
higher the amount of ice the stronger the influence of the ice
data themselves on the SED. The differences are rather subtle,
but not negligible. For moderate ice fractions (<70%), they are
less than 0.05 in terms of η, despite the big gap in κ between
our model and that from Li & Greenberg (1998) at wavelengths
greater than 200 μm. This is due to the dominant influence of the
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rest is astronomical silicate from Draine 2003). Compared are two models for the optical data of water ice: our model (at ϑ = 55 K) and the model
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astronomical silicate on the slope of κ (see Fig. 14) and therefore
the SED.

Comparison of the observational data with the model SED
produced from our optical data reveals a discrepancy at longer
wavelengths that increases with the fraction of ice. This discrep-
ancy, which is caused by the 175 μm feature and the resulting
break in the absorption and emission efficiency, is also reflected
by an increased χ2

red, as seen in Table 4. The SEDs modelled with
data of Li & Greenberg (1998) do not exhibit that break.

The slope η is known to be closely related to the physics in
the underlying collisional cascade from which the size distribu-
tion results. For example, a well-known relation exists between η
in a steady state and the slope of the size-dependent critical spe-
cific energy for disruption, b (O’Brien & Greenberg 2003):

η = −21 + b
6 + b

, (17)

with b = 0 . . . − 0.4 (e.g. Benz & Asphaug 1999; Wada et al.
2013). Assuming that a power-law size distribution is realistic,
we can use the new data to rule out ice fractions above 60%.
With higher fractions of ice, the index η of the size distribu-
tion alone can no longer be used to fit the observational data
properly. While a flatter size distribution, corresponding to a
lower η, would be needed to compensate the steeper fall-off in
the sub-millimetre, it would also reduce the emission at shorter
wavelengths, introducing a discrepancy with the IRAS and the
PACS 70 μm data.

A more general fitting approach could still yield good agree-
ment for ice-dominated models. An overall flatter size distribu-
tion with an additional peak of micron-sized grains would repro-
duce both the short- and long-wavelength observations. Such a
wavy deviation from a power law might be explained readily by
a collisional cascade with a lower cut-off due to radiation pres-
sure blow-out (Thébault et al. 2003; Krivov et al. 2006), poten-
tially shaped further by drag processes (Reidemeister et al. 2011;
Wyatt et al. 2011) as well as collisional spreading and damping
(Thébault 2009; Pan & Schlichting 2012). In that case, the addi-
tional constraints on the chemical composition would instead be
transformed to constraints on the collisional physics. Thus, an
accurate determination of η, or the shape of the size distribution
in general, is important for understanding the material properties
and variety of physical processes operating in debris disks.

With the new model, we can also give more accurate val-
ues for the modelling parameters, shown here exemplarily for η.
Because evidence exists that in some cases up to 90% of wa-
ter ice is assumed to be realistic (e.g. the Kuiper belt in the
solar system, Vitense et al. 2010), this would lead to significant

Table 4. The best-fit η, the dust mass mdust, and corresponding re-
duced χ2 for each fraction of water ice.

Fraction Our model Model of Li &
of water (ϑ = 55 K) Greenberg (1998)
ice η mdust [M⊕] χ2

red. η mdust [M⊕] χ2
red.

40% 3.78 1.01 × 10−2 1.41 3.80 9.41 × 10−3 1.33
50% 3.76 1.08 × 10−2 1.43 3.78 9.94 × 10−3 1.30
60% 3.73 1.19 × 10−2 1.57 3.76 1.06 × 10−2 1.36
70% 3.68 1.39 × 10−2 1.88 3.74 1.15 × 10−2 1.51
80% 3.63 1.68 × 10−2 2.49 3.73 1.28 × 10−2 1.76

changes in η. Besides, the colder the disk (e.g. cold debris
disks in Krivov et al. 2013), the greater the difference, be-
cause at longer wavelengths α grows with decreasing temper-
ature (see Fig. 8). Whereas Li & Greenberg (1998) has a con-
stant αLi+Greenberg = 0.5 over the entire wavelength range, our α
is markedly higher.

Besides η, we calculated the total dust mass mdust of the disk
by fitting the model to the available observations for λ > 20 μm
(Table 3). Like η, the inferred mass depends on the ice fraction
and the ice data. The mass is always a bit higher for our ice
model, ranging from 1.01 × 10−2 M⊕ to 1.68 × 10−2 M⊕, and
the difference to the model with the Li & Greenberg (1998) data
increases with the ice fraction.

At this point, however, we refrain from deeper analysis for
that object.

7. Conclusions

In this paper, we presented a new data set for the imaginary
part of the refractive index κ (describing the absorption) of crys-
talline water ice. The new data cover a wavelength range of λ =
81 . . .625 μm and a temperature range of ϑ = 10 . . .250 K.
With this, our data extend across most of the far-infrared re-
gion, including the previous gap in the data from about 200 μm
to 235 μm. Additionally, a complete temperature coverage is
now achieved for that wavelength range. To check our results,
we compared them to the previous measurements at tempera-
tures and wavelengths, at which the latter were available, and
found very good agreement with our data.

We find that for λ � 200 μm the slope of κ stays flat and
shows no change with temperature. At longer wavelengths, κ
falls off with increasing λ. In this wavelength range, the slope
of κ sensitively depends on the temperature, getting steeper at
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lower temperatures. This behaviour persists over the whole tem-
perature range. The temperature dependence of κ starts at a
wavelength of 175±6 μm. This can be associated with an absorp-
tion feature caused by intermolecular bending modes (Wozniak
& Dera 2007) at a wavelength of around 166 μm. This can
be noted in the data compilation of Warren (1984), but not in
later data sets. We can now confirm these data with a direct
measurement.

We approximated the data by a simple power-law based
model. The model can be conveniently applied to compute ab-
sorption values for water ice at any temperature of interest.

Applying the new model to the debris disk HD 207129 with
a temperature of 55 K results in a noticeable difference from a
similar model, but with ice data from Li & Greenberg (1998).
The derived size distribution of dust becomes flatter, while the
dust mass slightly increases. The larger the assumed ice fraction
in the dust composition, the greater the differences. A compari-
son with the observational data also gave a clue about the pos-
sible ice content in the disk, which can most probably not be
higher than 70% in the case of HD 207129. In general, we ar-
gue that replacing the previously used ice data sets with the set
presented here may result in appreciable changes of the parame-
ters of many debris and protoplanetary disks inferred from their
modelling.
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