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Introduction: H2O ice is widespread in the Solar 
System. The phase of H2O ice on Solar System objects 
depends on the pressure and temperature conditions at 
the time of its formation and its temperature and 
radiation history. On Solar System objects, H2O forms 
a solid that is either in an amorphous phase (Ia) or in 
one of two crystalline phases: cubic (Ic) or hexagonal 
(Ih) [1-3]. Amorphous H2O-ice converts to the cubic 
crystalline phase in an exothermic reaction near 135 K 
[4-6]. The cubic phase of H2O ice is a metastable 
version of the hexagonal phase that is found in the 
laboratory at temperatures between 135 and 170 K [6-
8]. Above 170 K the phase of H2O ice is hexagonal. 
Considering only thermal processes, the presence of 
amorphous H2O-ice on a surface might indicate that 
the surface has been significantly colder than 100 K 
since formation. The crystallization reaction is 
irreversible, so once an ice sample crystallizes it stays 
crystalline even if the temperature is again reduced 
below 135 K. 

Spectroscopy: H2O ice is detected on Solar System 
objects by its distinctive infrared absorptions. 
Although the cubic and hexagonal phases have nearly 
identical infrared spectra [9], the infrared spectra of 
amorphous and crystalline H2O-ices are easily 
distinguishable [10-15]. In the crystalline phase, the 
infrared bands are stronger, sharper, and shifted to 
longer wavelength compared to the amorphous-phase 
bands [3]. The infrared bands of crystalline H2O-ice 
are temperature dependent; they shift to shorter 
wavelength and decrease in absorption with 
temperature [9, 11, 14, 16, 17].  

Due to the temperature- and phase-dependent 
variability in position for the H2O ice bands it is 
difficult to consistently refer to the same band over a 
range of temperature by a precise position. For 
example, the band near 6050 cm-1 (1.65 μm) can range 
in location from 6087 cm-1 (1.643 μm) in amorphous 
H2O-ice to 6020 cm-1 (1.661 μm) in 20 K, crystalline 
H2O-ice.  We therefore define four spectral band 
regions and will refer to them as the bands near: 6600 
cm-1 (1.5 μm), 6400 cm-1 (1.56 μm), 6050 cm-1 (1.65 
μm), and 4900 cm-1 (2.0 μm). When we refer to 
positions of bands at a specific phase and temperature 
we will refer to the position with the correct and full 
precision. 

Laboratory Measurements: The vacuum system 
used here has been described previously [18, 19]. To 
summarize, we collect infrared transmission spectra of 

ice samples deposited on a window suspended under 
high vacuum (~10-8 mbar) and low cryogenic 
temperatures (~15 K). 

Sample Preparation. To deposit samples we 
injected H2O vapor into the vacuum chamber through a 
narrow inlet tube aimed at the sample window. During 
deposition, we directly measured the thickness of the 
samples by monitoring the interference fringes of a 
He-Ne laser reflected off the sample. The temperature 
of the sample was adjusted at a rate of ~1K/min and 
spectra were measured at every 10 K between 20 and 
150 K. 

Spectral Analysis. We follow the procedure 
for calculating optical constants described previously 
[18, 20, 21].  To summarize, we calculate the 
absorption coefficient α of a plane-parallel absorbing 
film from: 
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where d is the thickness of the ice, I/Io is the 
transmission spectrum of the ice, n0 is the index of 
refraction of vacuum (n0=1), n1 is the index of 
refraction of the sample (1.32 for crystalline H2O-ice 
[22], 1.29 for amorphous H2O-ice [23]), and n2 is the 
index of refraction of the sample window (nCsI =1.75, 
nKBr =1.54, nsapphire = 1.74) and δ1 = 2πn1ωd where ω is 
frequency in wavenumbers (cm-1). 

We calculate the intrinsic strength of 
absorption features in cm/molecule, or A-values, 
following the method of Hudgins, et al. [18].  As with 
their work, we needed to multiply the integrated areas 
of our bands by 2.303 to convert from a base 10 
logarithm to natural logarithm.   The A value is given 
by: 

A = N−1 τd∫ ν    

where N is the column density of the sample (number 
of absorbers per unit area), ν is in wavenumbers, and τ 
is: 

τ ≡ ln(I0 /I)   

where I is the intensity of light with sample, I0 is 
the intensity of light without sample. The column 
density of the sample is calculated by multiplying the 
thickness and density of the sample by Avogadro’s 
number, then dividing by the molecular weight of the 
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material. The densities used are as follows: HDA - 1.1 
g/cm3 [24], LDA - 0.82 g/cm3 [23], and Ic - 0.931 
g/cm3 [8]. 

Results: In general, the bands of crystalline H2O-
ice behave similarly to previously reported 
experiments [16]. The crystalline bands are strongly 
temperature-dependent: they grow stronger in 
absorption and shift to longer wavelength with 
decreasing temperature. However, the bands in our 
crystalline H2O-ice spectra have absorptions up to 6% 
stronger than those published previously. We observed 
two distinct spectral signatures of amorphous H2O-ice.  
Samples that were deposited below 70 K and that have 
never been heated above that temperature display 
absorptions that are shifted to shorter wavelength and 
are weaker than bands in spectra of samples deposited 
at T > 70 K. For T > 70 K, the bands of the 1.5 and 2 
μm bands are stronger and slightly shifted to longer 
wavelength. Spectra of samples deposited below 70 K 
and heated above that temperature shifted to look like 
the higher temperature phase.  When re-cooled, the 
bands remained at the higher temperature phase 
positions, suggesting that this is an irreversible 
transition.  These different spectra could represent the 
transition between high-density amorphous H2O-ice 
(HDA or Iah) at low temperature and low density 
amorphous H2O-ice (LDA or Ial) at high temperature 
[4, 23, 24]. The spectral bands of amorphous H2O-ice 
show no other changes with temperature. 

Applications: The indices of refraction and 
spectra of pure H2O ice presented here are directly 
applicable to modeling spectra of Solar System 
objects. Calculated mixtures of amorphous and 
crystalline H2O-ice predict several changes in the 
spectrum. As the amorphous content increases, the 
double band structure seen near 4170 cm-1 (2.4 μm) 
changes to a single broad band, the 4900 cm-1 (2.0 μm) 
and 6600 cm-1 (1.5 μm) bands shift to shorter 
wavelength, and the 6050 cm-1 (1.65 μm) and 6400 cm-

1 (1.56 μm) bands decrease in strength.  In the 
interpretation of the spectra of Solar System objects, 
the presence of a band near 6050 cm-1 (1.65 μm) does 
not in itself indicate a surface that is 100% crystalline, 
since the band is clearly present in model spectra with 
up to 80% amorphous content, Figure 1. Plotting 
6050/6600 (1.65/1.5) band ratios, may be a useful 
diagnostic tool for the characterization of ices.  Future 
studies will examine the effect of grain size on band 
area ratios by modeling different fractions of 
amorphous and crystalline H2O-ice while varying grain 
size.  
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Figure 1. Geometric albedo model spectra of H2O 
ice.  All spectra were generated using optical 
constants at 50 K.  A model spectrum of crystalline 
H2O-ice generated from Grundy and Schmitt 
(1998) is provided for comparison (solid line).  The 
remaining spectra are of mixtures of amorphous 
and crystalline H2O-ice as follows: 80%-20% (long 
dash, single dot line), 50%-50% (dotted line), 20%-
80% (dash, two dot line).   
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