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ABSTRACT. The shape and peak position of strong absorption bands depend on the
shape and size of the interstellar grain. For this, accurate optical constants are needed.
We calculate optical constants for pure CO and CO2 ices, and compare with other
constants available in literature. We find large differences in the available optical con-
stants. This highly influences the reliability of calculated absorption profiles for vari-
ous grain models, and thus complicates the interpretation of the interstellar solid CO
and CO2 ice bands.

6.1 Introduction
Particle size and shape effects can affect an absorption feature (cf., Bohren & Huff-
man 1983). For strong transitions, these effects are dominated by surface modes,
in which the applied electric field polarizes the particle, and establishes a surface
charge distribution, which in turn induces an electric field. The strength of this
induced field will depend on the optical constants of the material. For the strong
CO and CO2 bands, the effects on the absorption profile can be substantial. Thus,
for the analysis of interstellar CO and CO2 ice bands, particle shape and size effects
may be relevant (e.g. Tielens et al. 1991).

To calculate the particle shape effects, accurate optical constants are needed.
The derivation of the constants from the laboratory transmission spectra is dis-
cussed in Sect. 6.2. We compare the derived optical constants with other studies
in Sect. 6.3. The effect of the differences between the various available constants
on the calculated band profiles, for several particle shapes, are also discussed. We
summarize the results in Sect. 6.4.
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6.2 Optical constants

6.2.1 Derivation of optical constants

The optical constants were determined using a Kramers-Kronig analysis of the
transmission spectra, following the method described by Hudgins et al. (1993).
To summarize, the real part of the refractive index at all frequencies, n(�), may be
derived from the Kramers-Kronig dispersion relation:
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Here, h is the thickness of the ice, � (�) is its measured optical depth, m is the total
complex refractive index (m= n+ ik), and ti j & ri j are the complex transmission and
reflection coefficients at the i� j boundary (0 = substrate, 1 = ice, 2 = vacuum).

In principle, we must carry out the integration over all frequencies. However,
since electronic absorption bands (in visible and UV parts of the spectrum) are well
separated in frequency space from the infrared, they contribute only a constant
term to the integration in equation (6.1), which may then be approximated as:
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where n0 is the real part of the ice’s refractive index at high frequencies (as meas-
ured by previous authors; see Hudgins et al. 1993), and the integration is carried
out over the infrared part of the spectrum.

Since n(�) and k(�) are not independent quantities, results must be obtained it-
eratively. To begin the iteration, we assume that at all frequencies m(�)= n0 (values
of n0 used here are identical to those used by Hudgins et al. 1993).

Once both n(�) and k(�) have been calculated using equations (6.2) & (6.3), they
are used to create an “artificial” spectrum using equation (6.2), and this is then
compared to the original input spectrum. If the differences between the input and
“artificial” spectra are too large, the iteration begins again, with the new values
of n and k as the starting point. In our case, iterations continued until the spectra
agreed to within 0.1% at each frequency point. Most spectra in the data set achieved
convergence within 30 - 40 iterations, depending on the sharpness of the features
and the smoothness of the baseline.
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6.2.2 Baseline subtraction
Ideally the baseline of the observed transmission spectrum would have a sinus-
oidal pattern, caused by interference of the waves reflected and transmitted at the
vacuum to ice and ice to substrate interfaces. This may be corrected for in the
derivation of the optical constants at a given ice thickness. However, various ex-
perimental effects may deform the baseline (e.g. Hudgins et al. 1993). Hence the
baseline must be removed by a polynomial fit. Near strong absorption modes, like
the CO2 stretch mode, the fitting region must be carefully chosen. The continuum
at the blue and red sides of the absorption does not join up, due to a large difference
in refractive index n (Fig. 6.2). This is intrinsic to the absorption band, and must not
be artificially removed. We chose to subtract a global polynomial baseline (in gen-
eral of order 4), avoiding fits close to the CO2 stretch mode. Errors introduced by
inaccuracies of the baseline determination were estimated to be maximally 2%, but
5% for some mixtures with very broad absorption bands (e.g. mixtures containing
H2O).

6.3 Grain shape effects

6.3.1 Resonances
The interaction of electro-magnetic radiation with an interstellar grain polarizes
the grain, and the molecules within it experience applied and induced electric field
components. In the infrared, interstellar grains are smaller than the wavelength,
and electrostatic theory applies. Also, extinction due to scattering can be neglected
in this limit and a simple expression for the absorption cross section Cabs for ellips-
oidal homogeneous particles can be derived (cf. Van de Hulst 1957, Bohren and
Huffman 1983):

Cabs=V =
2�
3�

3

∑
i=1
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i

(1=Li� 1+ n2� k2)2+ (2nk)2 (6.4)

where we assumed that the grain resides in a vacuum. In this expression V is the
volume of the ellipsoid and n and k are the optical constants of the grain mater-
ial, which are wavelength (�) dependent. The geometry parameter Li (0 � Li � 1)
characterizes the shape of the particle along one of the three major axes i. The sum-
mation over i assumes that the particles are randomly orientated in space. There
will be a resonance in Cabs when k2 � n2 is comparable to 1=Li � 1. This implies
that the profiles of strong absorption bands are very sensitive to the particle shape.
Near strong molecular bands, n and k vary rapidly with wavelength and the peak
position will depend on Li, i.e. the particle shape. For a particular shape, the peak
value of Cabs is then proportional to 1=nk.
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For spheres, Li = 1=3 along each axis, and resonances occur at k2� n2
= 2. Both

weak and strong absorption bands will show a peak at large nk, near the frequency
of the k peak. However, strong absorption bands will have a maximum k2� n2 > 2
and a dominant second peak in Cabs arises at small nk towards higher frequencies.
For our optical constants of pure CO and CO2 ices this second resonance is respect-
ively 6 and 8 times stronger than the resonance for high nk, and they have blended
in one absorption peak. For spheroidal particles Li will be the same along two axes,
due to symmetry. For example, an oblate spheroid with a minor (i = 3) over major
(i = 1; 2) axis ratio of 0.5 has L3 = 0:54 and L1 = L2 = 0:23. In this case two dom-
inant resonances will occur for strong bands, one at k2 � n2

= 1:6 along the minor
axis and one at k2� n2

= 3:3 along the major axes. Non–spheroidal ellipsoids will
show three different absorption peaks, each resulting from an axis. Furthermore,
for coated spherical particles, the core and mantle will be differently polarized and
surface modes at each interface will induce two separate resonances. For example,
a grain with a silicate core taking up 10% of the total volume, will show resonances
at k2� n2=3.28 and 0.80 (using silicate optical constants at 4:4 �m; Laor and Draine
1993).

Thus, the profile of strong absorption bands depends strongly on the adopted
dust model, and considerable deviations from the profile observed in the laborat-
ory may occur. In this case, the laboratory ice transmission spectrum can not be
applied to astrophysical conditions, and grain shape calculations, and thus accur-
ate optical constants are required.

6.3.2 Calculations

We have calculated wavelength dependent absorption cross sections for a num-
ber of different grain models, in the small particle limit. Standard formulae were
applied for ice spheres, silicate spheres coated with an ice mantle (equal volume
for core and mantle), and a distribution of ellipsoidally shaped particles with each
shape equally probable (‘CDE’; e.g. Van de Hulst 1957, Bohren and Huffman 1983).
Additionally, a model for a distribution of coated spherical grain sizes was calcu-
lated. We assumed that the ice mantle thickness is independent of grain size, which
follows from simple grain growth arguments (Draine 1985). Although our calcu-
lations are done in the small particle limit, and Cabs=V is independent of grain
size, the absorption profile is very sensitive to the ratio of grain core versus mantle
volume (compare for example the pure ice spheres and the core–mantle grain in
Figs. 6.1 and 6.2). Thus, in order to simulate the effect of a grain size distribution,
we actually integrate over a distribution of core/mantle volume ratio’s, for a fixed
mantle thickness and grain core size distribution. For this study, we used a mantle
thickness of 0.01 �m and the interstellar grain size distribution derived by Mathis,
Rumple and Nordsieck (1977; ‘MRN’), i.e. a power law distribution of grain num-
ber density with grain radius of index –3.5 and cutoff radii of 0.005 and 0.3 �m.
Note that for this MRN model Cabs=V has been normalized to the integrated total
grain volume (cores+mantles).

We have done these calculations for the optical constants of our database of CO
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FIGURE 6.1— left panel the optical constants for the fundamental mode of pure CO ice, derived
in different studies (see text for abbreviations): this work (thin solid line), B99 (dash), E97 (dash-
dot), T96 (dash-triple dots), and T91 (dots). The thick solid line are the constants calculated from
our transmission spectrum, assuming a two times larger sample thickness. right panel absorption
cross sections for the pure solid CO fundamental mode for different dust models, using the optical
constants shown in the left panel. Models in the small particle limit were calculated for pure ice
spheres, silicate spheres with an ice mantle of equal volume, a continuous distribution of ellipsoids
(CDE) and an MRN size distribution with 0.01 �m thick ice mantles and silicate cores. The cross
sections have been scaled by the number given in the right–lower corner of each panel.

and CO2 ices. For the pure ices, we compare the calculations using optical constants
derived by different laboratory groups: Tielens et al. (1991; ‘T91’), Hudgins et al.
(1993; ‘H93’), Trotta (1996; ‘T96’), Trotta & Schmitt (in prep.), Elsila et al. (1997;
‘E97’) and preliminary data from Baratta & Palumbo (1999; ‘B99’). Furthermore,
we test the effect of possible errors in the sample thickness, baseline subtraction
and adopted electronic refractive index, n0, on the optical constants and Cabs for
the different grain models.

6.3.3 CO

The differences in the optical constants between the above mentioned studies of
the solid CO fundamental absorption mode (Fig. 6.1) induce a large variation in
sensitivity to the grain shape. The optical constants of T96 correspond to the weak-
est intrinsic strength, and are insensitive to the particle shape (Fig. 6.1). The peak
and width of the profile are similar to the k–spectrum. Although the peak k value
in the T96 data is the same as for B99, the latter shows a blue–shift of 1.5 cm�1

after the calculations. Also a broadening of 1–1.5 cm�1 occurs for the B99 when ap-
plying size and shape distributions compared to pure ice spheres. This difference
is caused by the presence of an extended blue wing in k for B99. The grain shape
has the largest influence for T91 and our optical constants, inducing blue–shifts up
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to 3 cm�1 compared to k, and large shifts and broadenings (2–4 cm�1) between the
different grain models. Both datasets have extensive wings in k towards the blue.
The E97 sample has a peak k comparable to T91, but the blue wing is less pro-
nounced. Consequently, the peak shifts and broadenings are reduced by almost a
factor two for this sample. We emphasize that these shifts, broadenings and their
uncertainties (comparing the different data sets) have the same magnitude as the
matrix–induced variations discussed in this paper.

6.3.4 CO2

Although the peak values of k are similar for CO and CO2, the wavelength re-
gion with k > n is broader and more pronounced for CO2 (Fig. 6.2). This causes a
much larger sensitivity of the absorption profile to the shape and size of the grains
(Fig. 6.2). Like CO, large differences exist between the optical constants derived by
different groups. Again, the T96 data have the lowest peak k value and are least
sensitive to the grain shape calculations, However, in this case the effect is not neg-
ligible. Typically, peak shifts and broadenings of 5 cm�1 can occur. For the other
datasets the effects are much larger, and in fact dominate over matrix–induced vari-
ations for CO2–rich mixtures. The strongest broadening is observed for H93, i.e. up
to 25 cm�1 for the CDE model. For B99 this broadening is only half, with our data
in between. Very large blue shifts, of up to 15 cm�1 occur for both B99, H93 as well
as our data. This can readily be explained by the presence of a deep minimum in
n, and corresponding large k values for these datasets.

The results for the bending mode of solid CO2 are rather similar to the stretching
mode. The H93 spectra are, like our data, very sensitive to grain shape effects in
the 665–680 cm�1 region, where k > n. For a single coated sphere this give rise to
a third absorption peak, besides the two peaks corresponding to different trapping
sites for pure CO2 and heated CO2 mixtures. However, for the shape and size
distributions this third peak merges with the bluest of the trapping peaks. This
results in a strongly asymmetric double peaked profile, with a strong blue peak.
Not surprisingly, the T96 sample does not show this effect, although the blue peak
has slightly broadened.

6.3.5 Error propagation

We have investigated whether the remarkable differences between the CO and CO2

optical constants derived in this paper and in T96 and B99 may be ascribed to an
error in the assumed sample thickness. For CO, an increase of the thickness with
a factor two results in a reasonable agreement in peak k and n values (Fig. 6.1).
However, large differences remain in the strong absorption region long-ward of
2140 cm�1, and thus in Cabs for the different grain models (Fig. 6.1). For the CO2

stretch mode, a 2.7 times larger thickness would be needed to obtain a peak k value
corresponding with T96 (Fig. 6.2). However, in this case the peak n value is too low,
whereas for the bending mode a much larger sample thickness would be needed
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FIGURE 6.2— top the optical constants for the stretch (top-left) and bend (top-right) of pure CO2
ice, derived in different studies: this work (thin solid line), B99 (dash), T96 (dash-triple dots), and
H93 (dots). The thick solid line are the constants calculated from our transmission spectrum, as-
suming a 2.7 times larger sample thickness. bottom absorption cross sections for the pure solid CO2
stretch (bottom-left) and bend (bottom-right) for different dust models, using the optical constants
shown in the top panel. Models in the small particle limit were calculated for pure ice spheres,
silicate spheres with an ice mantle of equal volume, a continuous distribution of ellipsoids (CDE)
and an MRN size distribution with 0.01 �m thick ice mantles and silicate cores. The cross sections
have been scaled by the number given in the right–lower corner of each panel.

to obtain a good match. Not surprisingly, no good match is obtained for the cor-
responding cross section profiles (Fig. 6.2). These results indicate that an erroneous
sample thickness (i.e. band strength and/or ice density) is not the main explana-
tion for the observed discrepancies. We refer to T96, Trotta & Schmitt (in prep.) and
B99 for a thorough discussion of their experimental methods, and more plausible
explanations.

Besides a possible error in the sample thickness, we investigated the propaga-
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FIGURE 6.3— The peak value and position
of the blue absorption peak for the spherical
grain, coated with pure CO2 is very sensitive
to the accuracy of the optical constants. The
solid line shows the cross section, assuming
n0 = 1:22, the dotted line is for n0 = 1:20 and
the dash-dot line for n0 = 1:24.

tion of uncertainties in a number of other parameters in the calculation of the op-
tical constants and subsequent grain shape calculations. Equation (4) shows that
the peak value of Cabs is proportional to 1=nk, and strong peaks require accurate
optical constants.

First, we have calculated the optical constants using several values for the re-
fractive index at high frequencies, n0 for pure CO2 ice. In this case, a 30% spread
was found in Cabs for the blue peak of the core-mantle sphere, when applying
n0 = 1:22� 0:02. For the CDE and MRN models this uncertainty is reduced to
10%. Also a systematic peak shift was observed (Fig. 6.3).

Second, for pure CO2 a typical uncertainty of 1-2% on absorbance scale is intro-
duced by the baseline subtraction. This is transferred directly into k and amplified
in the grain shape calculations. This effect is the strongest for the single core–
mantle spheres, up to 6% on Cabs scale, when using our experiment of pure CO2.
This is not very important compared to the uncertainties discussed above, although
we stress that a careful baseline correction is required (see Sect. 6.2).

6.4 Summary

We have derived the optical constants of pure CO and CO2 ice, applying the
Kramers–Kronig analysis to the observed transmission spectra. Large discrepan-
cies were found between the constants derived in other studies. Our experiments
were not designed to address the issue of optical constants directly and independ-
ently. Hence, no judgment can be made on this issue.

However, we do note that particle shape effects are important for strong trans-
itions. They can lead to multiple peaks, peak shifts, and broadening of the absorp-
tion profile. The different optical constants were used to calculate these effects, and
large differences were found. For CO, grain shape effects are important when the
constants of E97, T91 and ours are used. The effects are smaller for B99, and negli-
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gible for T96. For CO2, all investigated data sets are sensitive to grain shape. Most
sensitive are our data, H93 and B99. T96 is least sensitive, but still peak shifts and
broadenings up to 5 cm�1 occur between the different dust models.


