
Laboratory Spectroscopy

Sergio Ioppolo

InterCat, Department of Physics and Astronomy, Aarhus University

















Boogert et al., (2008)

Pontoppidan et al., (2008)

Öberg et al., (2008)

Bottinelli et al., (2010)



Nisini et al., (2024)









Vibrational transitions of gases and solids
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The prestellar core is the dark cloud B68 as

observed by VLT/FORS1.

The Class 0 object is the HH212 protostar in Orion as

observed by ALMA16.

The Class I object is HH30 as observed by the

Hubble Space Telescope.

The Class II object is an ALMA view of the proto-planetary
disk surrounding the young star TW Hydrae.

The Class III object is the image of the system HR

8799 with three orbiting planets. The image has been

acquired at the Keck II telescope.
Bianchi et al., (2019)

Spectral energy distributions (SEDs)
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H2O ice formation starts at Av < 3 mag; CO and CH3OH ice deeper into cloud

Öberg, Chem. Rev. (2016)
Boogert et al., (2015)

Ice formation threshold
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Ice different phases
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Gas versus Ice: IR
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Vibrational motions CO2

Stretching mode

Overtone modes

Bending mode

13CO2

Ehrenfreund et al., (1997)



Vibrational motions H2O



C2H2

Acetic acid

More complex modes



Terwisscha van Scheltinga et al., A&A (2018)

Leiden Ice Database for Astrochemistry

Rachid et al., A&A (2021)

FTIRRachid et al., A&A (2020)



ERS: PI McClure, co-PI Boogert, co-PI Linnartz,

co-I Ioppolo + 46 co-Is

Cycle 1: PI McClure, co-I Ioppolo + 25 co-Is

400 hours of observational time in first 

year to study cosmic ices

Ice at high Av (Ice Age program)

Exercise will use LIDA 
McClure et al., Nat. Astron. (2023)



13CO2 ice at high Av (Ice Age program)

13CO2

McClure et al., Nat. Astron. (2023)Cold CO2 in dense cores

13CO2



Pontoppidan et al., ApJ (2008)

Solid CO2 is a good indicator of the temperature

history in the envelopes of young stars

CO2 ice toward different objects



Brunken et al., A&A (2024)

Investigating Protostellar Accretion Across the 

Mass Spectrum (IPA program)

13CO2



Investigating Protostellar Accretion Across the 

Mass Spectrum (IPA program)
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Investigating Protostellar Accretion Across the 

Mass Spectrum (IPA program)
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Surface Formation of CO2 in Space



Arumainayagam et al., CSR (2019)

Loeffler et al., A&A (2005)

Surface Formation of CO2 in Space

Herbst & van Dischoeck, ARAA (2009)



Open question on structure of CO2 in ices

• Is CO2 mixed up with other frozen

components, or is it segregated in

multilayer structures?

• Has it attained a crystalline

arrangement, or does it have an

amorphous structure?

• Can we reproduce all the above

conditions in the lab?



Infrared profile of CO2 ice bands

Escribano et al., PNAS (2013)Baratta and Palumbo, A&A (2017)



Infrared profile of CO2 ice bands

Gerakines and Hudson, ApJL (2015)



Infrared profile of CO2 ice bands

Gerakines and Hudson, ApJL (2015)



Infrared profile of CO2 ice bands

Figures 9 and 10.   Infrared spectra of solid CO2. (Top panels) Spectra are acquired after sample deposition at 17 K, after thermal annealing to 77 K and after 

cooling down to 17 K. (Bottom panels) Spectra are acquired after sample deposition at 70 K, after thermal annealing to 77 K and after cooling down to 17 K. 

Baratta and Palumbo, A&A (2017)
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Infrared profile of CO2 ice bands

Figures 3 and 4.   Infrared spectra of pure solid CO2 deposited at 17 K (left panels) compared to infrared spectra of CO2:H2O mixtures deposited under analog 

conditions (right panels). 

Baratta and Palumbo, A&A (2017)



Mifsud et al., JMS (2022)

Infrared profile of CO2 ice bands



Crystallization of CO2 ice

Kouchi et al., ApJ (2021)



CO2 - From VUV to Far-IR

120 170 220 270 320

0.0

0.2

0.4

0.6

0.8

1.0

CO2, T = 20 K, d = 0.24 mm

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

10 9 8 7 6 5 4

Energy (eV)

CO2 at 20 K

Vacuum Untraviolet

Spectral Range

CO2 at 10 K

Mid-Infrared

Spectral Range

13CO2

12CO2

A
b

so
rb

an
ce



CO2 – in the Far-IR (THz)

McGuire et al., PCCP (2016)



RAIR Spectra of CO2 ice

Escribano et al., PNAS (2013) Ioppolo et al., RSI (2013)RAIR active RAIR inactive

Surface selection rule



HFML - FELIX Laboratory

FELIX
HFML

Radboud University

Nijmegen, The Netherlands



Lab Ice Surface Astrophysics (LISA)

• FEL-1 & FEL-2 End Station:

• UHV Chamber (P = 1x10-10 mbar)

• Analytical Tools (FTIR & QMS) 

• Sample Manipulation (Rotation + XYZ)

• Source (5 keV electron gun)



Selective IR-induced Spectral Changes

Amorphous Solid Water (ASW):

dOH

Stretch

Bend

Libration

Vibrational excitation heats ice locally causing
crystallization-like effects (increased number of H-bonds) Noble et al., JPCC (2020), Cuppen et al., JPCA (2022)



Selective IR-induced Spectral Changes

Pure CO2 ices

Ioppolo et al., JMS (2022)



Selective IR-induced Spectral Changes

Pure CO2 ices

Ioppolo et al., JMS (2022)



Selective IR-induced Spectral Changes

H2O:CO2 mixed ices

Schrauwen et al., in press



Selective IR-induced Spectral Changes

Schrauwen et al., in press



Key Points

• Solid H2O, CO, CO2 are some of the most abundant

species detected in ice grain mantles in the ISM

• Debate on the structure (amorphous vs crystalline) of

CO2 samples obtained in laboratory by thin-film

techniques is still open – but converging

• IRFEL irradiation of CO2-rich ices suggests that the ice

behaves as an amorphous material when deposited at

low temperatures

• Complementary spectroscopic VUV/IR/THz techniques

can help understanding the physicochemical evolution

of interstellar ices



QUESTIONS


