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Laboratory astrophysics
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S. A. Sandford et al, Chem. Rev. 2020

• A research field associated with key questions in astrophysics

• Includes experimental, theoretical and modelling work

• Unusual conditions of astrophysical environments (e.g., the interstellar medium) → design of new 
dedicated laboratory setups

• Diversity of systems and processes

• Use of large facilities/infrastructures (light sources, heavy ions, electrostatic storage rings, analytical 
tools …)

• Involves several communities (key to its success): 

• Astrophysics: atomic and molecular physics, nuclear physics, plasma physics, surface science, 

quantum chemistry, …

• Exploration of the Solar System: analytical chemistry, organic chemistry, cosmochemistry,…

→ “Action Thématique (AT) PCMI – Physique et Chimie du Milieu Interstellaire”



PAHs: Messengers from Stars to the Solar System
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S. A. Sandford et al, Chem. Rev. 2020

Sample return missions

Peeters et al. , 2024, A&A
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Laboratory astrophysics: Cosmic matter cycle
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S. A. Sandford et al, Chem. Rev. 2020

Stardust machine 

AROMA molecular analyzer

PIRENEA 

PIRENEA 2

Simulation chambers
Cryogenic temperatures and 
ultra-high vacuum
Ultraviolet radiation

Production and analysis of 
stardust analogues
Analysis of Solar System 
samples



Results: Large PAHs and fullerenes in meteorites/asteroids
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AROMA molecular 
analyzer



Results: Role of C2H2 and metals in PAH formation (high temperatures)

6Santoro et al. 2020, ApJ

Stardust machine Dusty plasma reactor

Laser vaporization 

→ Organometallic seeds
AgnC2Hm (n = 1–3; m = 0–2)

Catalysis for hydrocarbon formation

Bérard et al., 2021, Front. Astron. Space Sci. 8:654879

→ Specific role of Fe



Results: different chemistries for PAH formation (low temperatures)
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➢ Role of adducts (covalent/non-covalent interactions) – 
Moderate (400K) to cold temperatures 

Yang et al. 2025, ACS Cent. Sci. 11, 322

Ion-molecule reactions Neutral-neutral reactions

➢ Barrierless reaction
C9H8 + CH → C10H8 (azulene/naphthalene)  + H

Low-temperature conditions of TMC-1

Rap et al. 2024, JACS 146, 
23022

Only two-body collisions are relevant!

Sutton et al. 2024, 
PCCP 26, 29708 

Mechanisms of five key reaction pathways discussed.
Kaiser & Hansen 2021, JPCA 125, 3826



Different environments: different chemistries for PAH formation
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Zeichner et al. 2023, Science 382, 1411



Laboratory astrophysics: Interaction of PAHs with (VUV) photons
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VUV photon

Ionization

Photodissociation

Radiative cooling 

DESIRS VUV 
beamline

Mini-Ring 

PIRENEA simulation 
chamber

PHe=10-3 mbar

Cryogenic ion trap: T~20 K - 
Pres=10-11 mbar

kcoll ~104 s-1

Cryogenic electrostatic storage ring:
T~13 K - Pres=10-14 mbar → dynamics from 
70 µs to hours

Table-top electrostatic storage ring:
T=300 K → dynamics from 10 µs to ~500 ms

SRMS2@DESIRS

DESIREE: The Double ElectroStatic Ion Ring ExpEriment

No collision during relaxation

https://www.desiree-infrastructure.com/


Wenzel et al. 2020, A&A 641, A98 

Results: PAH ionization and competition with dissociation
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APPI

PHe=10-3 mbar
tirr=0.2-1 s

Synchrotron VUV

AE2+
AE2+

AE2+

AE2+

SRMS2@DESIRS

For neutrals: Jochims et al. 1996, A&A 314, 
1003; Verstraete et al. 1990, A&A 237, 436

→ Competition ionization / dissociation
→ Ionization yield



Application: PAH charge distribution - neutral gas heating

11

Berné et al. 2022, A&A 667, A159

→ Molecular physics and 

observations agree on 

ionization of PAHs being the 

major source of neutral gas 

heating
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Results: Photodissociation of PAH cations
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1.7 x 10-3 s-1

0.16 x 10-3 s-1

Marciniak et al. 2021, A&A 652, A42 

PIRENEA

-H

-H

-C2H2

2H/H2 loss negligible 
(max 2%) 

→ Sequential H loss

Vinitha et al. 2022, JPCA 126, 5632

k = 2.8

k = 0.17

[Cor-H]+
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k = 0.1

[Cor-2H]+

-H

-H

Cor+*

Isomerization

k = 3.9

→ Isomerization = H shift 

Marciniak et al. 2021, A&A 652, A42 

VUV beam – 10.5 eV / ~1011 ph.s-1

 VUV ~ 100 s (Orion Bar!)



Results: Radiative cooling in electrostatic storage rings
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Aelec=15.7 106 s-1

Boissel et al. 1997, JPC 106, 4973 

Martin et al. 2015, PRA 92, 053425

→ When activated, this cooling is much more efficient to 
compete with dissociation than IR cooling.



Results: IR spectroscopy of hot PAHs
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Chakraborty et al., 2019,  JPC A 
123, 4139

Solid phase (14 -723 K)

Chakraborty et al. 2021, J. Mol. 
Spect. 378, 111466 Demyk et al., 2025,  in prep.

Gas phase (423 – 623 K)

→ ESPOIRS FTIR setup

Gas phase (423 – 673 K)

3.3 µm
Aromatic CH

3.4 µm
Aliphatic CH

→ Theory: AnharmoniCaOS 
and Molecular Dynamics 



Results: CosmicPAH database of anharmonic infrared spectra

15De Bentzmann et al., 2025,  in prep

https://cosmic-pah.irap.omp.eu/

1,2,3,6,7,8-hexahydropyrene: C16H16

https://cosmic-pah.irap.omp.eu/
https://cosmic-pah.irap.omp.eu/
https://cosmic-pah.irap.omp.eu/


Application: Modelling the IR emission spectrum of interstellar PAHs
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Tmax

Tmin

Simulation of PAH 
physics

Monte Carlo code
 

Comparison with
Astronomical Observations

The AIBs / JWST

Spectroscopy &
Molecular properties

Quantum Chemistry DB
Experimental DBs
 

Environment

UV radiation 
field

UV photon absorption rate

Cooling curve

Spectral parameters – T evolution

IR band profiles

→ The LAIBrary project



Application: comparison with JWST observations (PDRs4All)
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Peeters, Berné, Habart & the PDRs4All team, 2024, A&A, 685, A74
Chown, Sidhu, Peeters, et al. 2024, A&A, 685, A75 

www.pdrs4all.org

Demyk et al., 2025,  in prep.
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Final remarks  and perspectives 
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S. A. Sandford et al, Chem. Rev. 2020

• Key questions in astrophysics

• Derive local physical conditions from the AIBs

• Formation and chemical evolution of PAHs: messengers from stars to the Solar System

• Role of PAHs in star-forming and planet-forming regions. Interaction with water, deuteration, 
molecular complexity → link with the PEPR Origin (France 2030)

• Study at the interface of disciplines / communities (key to its success): 

• Astrophysics, planetology, cosmochemistry

• Molecular physics, quantum chemistry, plasma physics, surface science, analytical chemistry, 
organic chemistry, …

• Use of large facilities/infrastructures (light sources, heavy ions, electrostatic storage rings, analytical 
tools …)

• Unusual conditions of astrophysical environments (e.g., the interstellar medium)

      → design of new dedicated laboratory setups



Laboratory astrophysics: (some) new dedicated setups
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VUV photon

Polar Mini-Ring 

Cryogenic electrostatic storage ring: T~20 K
 → dynamics from 10 µs to > 1 min. as a function of hUV

ANR SynPAHcool

➢ Two sources of clusters/nanograins:
• LVAP (high T): stardust – role of metals
• Molecular aggregation (low T): water-carbonaceous nanograins

➢ Simulation of interstellar conditions (PIRENEA)

• ANR JCJC CASSOULExp (A. Marciniak);  AT PCMI
• Future project? 

Study of gas-nanograin-photon interactions in conditions of
star- and planet-forming regions

PIRENEA 2
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