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Outline

Rydberg States

 High-l ( orbital momentum) atomic Rydberg states, n-l levels

 Quantum defects for high-l states

 The development of the new  experimental techniques based on 
application of high resolution time-resolved Fourier-transform 
infrared spectroscopy

 Time resolved laboratory  spectra of radicals, ions (discharge 
experiments)

 Fourier transform infrared spectroscopy together with Laser 
ablation technique - infrared spectra of atoms

PALS
 Application in Astronomy and  Astrochemistry

 Atomic spectroscopy-review

 Formation of basic molecules of the RNA world during 

Heavy bombardment period 

 High power laser experiments ( PALS)

 Chemistry of stable and unstable products



High-l atomic Rydberg states studied by high resolution time-

resolved Fourier-transform infrared spectroscopy



Atomic nl levels: an example (Na)
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Radiative transitions 
between high orbital 
momenta -l (>3) states are 
in the IR domain:
5g-6h : ~ 1340-1360 cm-1

6g-7h : ~ 806-812 cm-1



Why the high-l states are interesting?

• Measuring the properties of atoms that control their long-range 
interactions, such as quadrupole moments and dipole 
polarizabilities

• Challenge to experiment: for He- and Li-like ions, theoretical 
predictions of high-l fine structure appear to be more precise 
than existing measurements

• Challenge to theory: to extend these studies to heavier atoms 
and ions, where the theoretical calculation of measurable core 
properties becomes increasingly difficult because of many-body 
and relativistic effects

• IR astronomy: studies of dust-obscured objects and interstellar 
clouds, cool objects such as dwarfs, disks, or planets and the 
extended atmospheres of evolved stars, including objects at 
cosmological distances from the Earth



Quantum defects for high-l states
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A simple model – polarisation potential Uc(r) = c/r
4,  

where c is the atomic core polarisability

The discrete spectrum is given by Rydberg formula 
with the quantum defect  which is to be 
determined from the experimental spectra
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R is Rydberg constant, Vion is the ionisation threshold

Rapidly 
decreases 
with l



Fine structure of high-l states

)1(3

4

eff

2




ll

ZR
E

nl

nl


The simplest fine-
structure correction –
spin-orbital splitting

 ~1/137 is the fine structure constant, Zeff is an effective core charge

Rapidly 
decreases 
with n, l

n Fine splitting for different l states of Cs atom, cm-1

p d f g h

4 - - 0.18 - -

5 - 98 0.15 0.0028 -

6 554 43 0.11 0.016 ?

7 181 21 0.74 0.001 ?

8 83 12 0.053 0.0009 ?

9 45 7.1 0.039 0.013 ?

10 27 4.7 0.029 0.0009 ?



Time resolved  FTIR measurement in the discharge plasma



FTIR seminar

interferograme

Laser interference

Data points from the 
detector saved by  PC

Optical path difference 

(given by position of moving mirror)

Data collection ?



Fourier transformation
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He + H2 discharge plasma
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He ...  He*         Excitation in a discharge       

He
*
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Electron   recombination        

H3
+
+ e

-
  H2(X

1


g, vJ)+ H(1s),        E = 9.2 eV   electron   recombination        

                       H(1s) + H(1s) + H(1s).       E = 4.8 eV           

S. Civis, P. Kubat, S. Nishida, K. Kawaguchi, Chemical Physics Letters, 418 (2006) 448–453

He discharge excitation

Penning ionisation 

H3
+ formation

Recombination with electron

Chemistry of H3
+ formation  using time 

resolved spectra acquisition 





Time resolved  FTIR measurement in the laser spark

(laser ablation)

Laser

Emission



Timing diagram for the interleaved sampling. During the scan, the laser pulse 

and the AD trigger sampling are induced with a rate of 1/n times of the HeNe 

laser fringe frequency. The complete interferograms are obtained after n scans.



Example of spectra: Cs



IR astronomy: drawbacks
• Much lower number of atomic and ionic lines available (relative to the 

visible and ultraviolet ranges) 

• Modern laboratory spectral features are lacking for most elements with 
wavelengths longer than 1 micron 

• Atlases of stellar spectra often provide only a short list of identified lines. 
Even in the solar IR atlases there are a number of lines with doubtful or 
missing identifications.

• The reliability of astrophysical calculations cannot be improved without 
the inclusion of additional atomic lines and higher energy levels

• The above IR astronomy facilities cannot be fully utilized without detailed 
spectroscopic information on atomic line features (line identification, 
excited (including the high-l) level energies, wavelengths and oscillator 
strengths) in the IR region

• Reporting high-resolution laboratory data for atomic spectral features 
(new IR atomic line wavelengths and identifications, highly-excited levels, 
and oscillator strengths) is important!



Civiš S., Chernov V.E. et al., Astronomy and  Astrophysics 2012
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Laser ablation Mg

solar spectrum (ATMOS)

Solar spectrum (ACE)
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Vlnočet, cm–1
Mg – linie 1356,18 cm–1

laserová ablace Mg

ATMOS

ACE

Infračervené spektrum hořčíku



laserová ablace Si

Infračervené spektrum křemíku
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Civiš S., Chernov V.E. et al., Astronomy and  Astrophysics 2012



Comparison of Arcturus spectrum with FTIR emission spectrum 

Arcturus' size relative to the Sun 



Conclusions
Atom Lines 

(total)
New 
lines

New 
levels

References

Au 43 32 8 Phys. Rev. A 81, 012510 (2010)

Ag 18 12 3 Phys. Rev. A 82, 022502 (2010)

Cu 25 20 4 J. Phys. B 44, 105002 (2011)

Li 4 4 Astron. & Astrophys. 545, A61 (2012)

Na 25 17 3 Astron. & Astrophys. 542, A35 (2012)

K 38 25 3 Astron. & Astrophys. 541, A125 (2012)

Rb 33 21 6 J. Phys. B 44, 175002 (2012)

Cs 40 21 2 J.Opt. Soc. Am. B29, 112 (2012)

Mg 36 3 2 Astron. & Astrophys. 554, A24 (2013)

Ca 31 26 12

Sr 23 19 10 J. Quant. Spectrosc. Radiat. Transf. 129, 324 (2013)

Zn 54 47 15 J. Quant. Spectrosc. Radiat. Transf. 134, 64 (2014)

In 34 18 5 J. Anal. At. Spectrom. 29, 2275 (2014)

Ne 287 26 14 Astron. & Astrophys. 582, A12 (2015)
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James Webb Space Telescope

• 6.6m Telescope

• Successor to Hubble & Spitzer.

• Demonstrator of deployed optics.

• 4 instruments: 0.6 to 28.5 μm

• Passively cooled to < 50 K.

• Named for 2nd NASA Administrator

• Complementary to WFIRST, ELT, ALMA, etc

• NASA + ESA + CSA: 14 countries

• Lead: Goddard Space Flight Center

• Prime: Northrop Grumman

• Operations: STScI

• Senior Project Scientist:
Nobel Laureate John Mather

5 Layer Sunshield

Primary Mirror

Secondary 

Mirror

Spacecraft Bus

Integrated Science

Instrument Module (ISIM)



SCIENCE

Webb Telescope Science Themes
The James Webb Space Telescope will be a giant leap forward in our quest to 
understand the Universe and our origin cosmic history: from the first luminous
glows after the Big Bang to the formation of galaxies, stars, and planets to the
evolution of our own solar system.

 First Light & Reionization

JWST will be a powerful time machine with infrared vision that will 
peer back over 13.5 billion years to see the first  stars and galaxies forming
out of the darkness of the early universe.

 Assembly of Galaxies

JWST's unprecedented infrared sensitivity will help astronomers
to compare the faintest, earliest galaxies to today's 
grand spirals and ellipticals, helping us to understand how   galaxies 
assemble over billions of years.

 Birth of Stars & Protoplanetary Systems

JWST will be able to see right through and into massive clouds of dust
that are opaque to visible-light observatories  like Hubble, where stars
and planetary systems are being born.

 Planets & Origins of Life

JWST will tell us more about the atmospheres of extrasolar planets,
and perhaps even find the building blocks of life elsewhere in the universe.
In addition to other planetary systems, JWST will also study objects within
our own Solar System.



End of the dark ages: 

first light and reionization

The Assembly of Galaxies

The Birth of Stars and 

Protoplanetary Systems

Planetary Systems and 

the Origins of Life







Time Before Present (Ga)

Oceans

Life



Planetary orbits and disk particle positions in the Nice model.

Nesvorny D, Morbidelli,  A (2012) STATISTICAL STUDY OF THE EARLY SOLAR SYSTEM’S INSTABILITY WITH FOUR, FIVE, AND S SIX 

GIANT PLANETS,  Astron J , 144.









Laser Shot = 150 J

Chemical Laser (C3F7 + Ar), λ = 1315 nm, E = 1 kJ / 0.5 ns

2 ml HCONH2 + Nitrogen, Irradiated by 15 Pulses

High Power Laser Mimics an Impact Plasma 



Ferus M, Civis S et al. (2012)  J . Am Chem Soc 134:20788–20796

Monitorig of Stable Molecules

2-amino-2-hydroxy-acetonitrile

2-amino-2-hydroxymalononitrile



Monitoring of Unstable Radical Species



Model of Plasma Chemistry

Ferus M , Civis S et al. (2014) 
J Phys Chem 118:719–736.



Ferus M , Civis S, Šponerová J 
et al. (2015) 
PNAS 112:657–662.

Biomolecules Detection



AHMN

AHAN (radical)

Chemical Model – Formation of Nucleic Bases

Ferus M , Civis S, Šponerová J 
et al. (2015) 
PNAS 112:657–662.



Recent observation – Formation of Sugars







IFS125HR
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Parameters

o Spectral range: 50,000 - 5 cm-1

o Ultimate resolution: < 0.001 cm-1

o Wavenumber accuracy: < 5 x 10-7 times 

wavenumber (absolute)

Design

o Vacuum system:  < 2x10-2 hPa (mbar)

o Up to 3 internal source and 6 detectors

Accessories

o Gas cell (3,6 – 40m)

o Bolometer

Cena

o 13 mil. Kč bez DPH



Spektrograf ESA 4000-LAB



Technical specification Echelle 
spektrograph ESA 4000-LAB

Spectral range at simultaneous detection 200 – 780 nm or 191 – 420 nm

Linear dispersion per pixel (24 μm)
0.005 nm (200 nm) 
0.010 nm (400 nm) 
0.019 nm (780 nm)

Resolution with respect to one pixel (λ / Δλ) 40000

Diffraction orders 30 – 120 or 58 – 126

Focal length 25 cm

Aperture 1 : 10

Flat image plane 24.5 x 24.5 mm²













IR astronomy facilities: space-born IR 
spectrographs for investigating objects 

other than the Sun

• Spitzer Space Telescope: resolution of R ∼ 600 in the λ = 10–
37  range

• AKARI satellite: Far-Infrared Surveyor (FTS with resolution Δν 
= 0.19 cm-1) and a near- and mid-IR camera with a resolution 
of up to Δλ = 0.0097   (R ∼ 100–1000). 

• Airborne Stratospheric Observatory for Infrared Astronomy 
(SOFIA): Echelon-cross-Echelle Spectrograph (EXES) with a 
resolution of R ∼ 105 in the 4.5–28.3  range

• Space Infrared telescope for Cosmology and Astrophysics 
(SPICA): mid-IR high resolution spectrometer (MIRHES) with 
a spectral resolution of R ∼ 3  104 in the 4–18  range



Sketch of the experimental setup



The setup parameters

• A high repetition rate 
ArF laser ExciStar S-
Industrial V2.0 1000 
(l=193 nm) laser 
pulse width 12 ns, 
frequency 1 kHz) with 
15 mJ pulse energy

• Bruker IFS 120 HR 
spectrometer, 
resolution 0.02 cm-1

• Overall spectrum 
range: 800-7000 cm-1



Dependence of the time profile on 
the distance L between the

probed area and the target surface





Spektrometr s Fourierovou transformací

Michelsonův interferometr - "disperzní prvek"

He-Ne plynový laser

Nepohyblivé zrcadlo

Pohyblivé 
zrcadlo

Plynný vzorek

Světlo

Detektor

Dělič svazku

Interference při pohybu zrcadla

Michelsonův interferometr v 19. stol.


