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• Spectroscopy
• Tuneable laser spectroscopy
• Conditions influencing the spectrum
• Examples from research:• Examples from research:

– VUV laser spectroscopy of CO molecules.
– Laser spectroscopy, laser cooling and 

trapping of Rb atoms.



Spectroscopy is a field that 
has been revolutionised by 
lasers in the past 50 years!



Study of the interaction of light and matter. 
Yields response of matter as function of 

wavelength/frequency of light.
Basic interactions: absorption, emission, scattering.

E.g. Absorption spectrum: the unique pattern of 

What is spectroscopy?What is optical spectroscopy?
Spectroscopy

E.g. Absorption spectrum: the unique pattern of 
wavelengths absorbed by atoms/molecules in 
sample. 

• Solid/liquid sample – broad bands. 
• Gas phase sample – narrow lines.

Rhodamine B dye

Absorption lines of atmospheric gases in solar spectrum



Applications of spectroscopy

What does one learn from spectroscopy?
• Basic science: Almost everything we know about 

the electronic structure of atoms and molecules!
– Electron energy levels of atoms/molecules
– Vibration of molecules (bond strength)
– Rotation of molecules (moment of inertia) 

Applications of spectroscopy
Spectroscopy

– Rotation of molecules (moment of inertia) 
– Geometry of molecules, bond lengths & angles
– Atomic masses

• Analytical science: 
– Qualitative analysis: Which species in sample?
– Quantitative analysis: What concentration? 
– Gas: Temperature of sample? Speed of 

atoms/molecules? 



Special applications of spectroscopy

– E.g. Light emitted by 
star, absorbed by 

• Remote sensing: LIDAR to study atmosphere.
• Astronomical spectroscopy: The only way we can 

determine the physical properties of stars, galaxies, 
interstellar medium is by analysing the light that 
reaches us! 

Spectroscopy

star, absorbed by 
interstellar gas clouds 
on the way to Hubble 
Space Telescope.

– Chemical 
composition, speeds 
and distances 
determined.

http://hubblesite.org/newscenter/newsd
esk/archive/releases/1998/41/image/r



Spectroscopy

Broadband 
source

sample

spectrometer

array of 
detectors Without sample

Source spectrum

Spectroscopy
Conventional absorption spectroscopy

Spectroscopy

• Source: broad band of 
wavelengths.
• All wavelengths interact with 
sample at once; transitions to 
many different excited states.
• Spectrometer determines 
spectral resolution.

With sample

Data 
analysis

Absorption 
spectrum
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• Compromise between spectral resolution 
and light throughput (sensitivity).



Lasers in Spectroscopy

Examples of tuneable lasers in spectroscopy

Narrow spectral bandwidth or very short laser pulses?

Pulse duration Spectral bandwidth

External cavity continuous < 1 MHz
1 000 x 

Tuneable lasers
Tuneable laser spectroscopy

diode laser E.g. 780 ± 1x10-6 nm

Excimer 
pumped dye 
laser

~30 ns (time for 
light to travel 9 m)

~ 1 GHz
E.g. 440 ± 0.001 nm

Ti:sapphire
pumped NOPA

~50 fs (time for 
light to travel 10% 
width of a hair)

~18 nm 
E.g. 600-618 nm

20 000 x 
smaller

1 000 x 
smaller



Lasers in Spectroscopy

Examples of tuneable lasers in spectroscopy

Narrow spectral bandwidth or very short laser pulses?

Pulse duration Spectral bandwidth

External cavity continuous < 1 MHz

Tuneable lasers
Tuneable laser spectroscopy

High 
diode laser E.g. 780 ± 1x10-6 nm

Excimer 
pumped dye 
laser

~30 ns (time for 
light to travel 9 m)

~ 1 GHz
E.g. 440 ± 0.001 nm

Ti:sapphire
pumped NOPA

~50 fs (time for 
light to travel 10% 
width of a hair)

~18 nm 
E.g. 600-618 nm

High 
resolution 

laser 
spectroscopy



Lasers in Spectroscopy

Without sample

Tuneable laser with 
narrow spectral 

bandwidth
sample

detector

Laser

Tuneable laser spectroscopy
Tuneable laser spectroscopy

• Laser light: narrow band of 
wavelengths, tuned over broad 
range.
• One wavelength interacts 
with the sample at a time. 
•Laser bandwidth determines 
spectral resolution.
• Sensitive light detectors used.

With sample

Data 
analysis

Absorption 
spectrum
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Lasers in Spectroscopy

Without sample

sample

detector

detector

Laser

Tuneable laser with 
narrow spectral 

bandwidth

Tuneable laser spectroscopy
Tuneable laser spectroscopy

• Different 
detection 
methods.

With sample

Data 
analysis

a
b

Absorption 
spectrum

Excitation 
spectrum

E
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Lasers in Spectroscopy

Without sample

sample
detector

Tuneable laser with 
narrow spectral 

bandwidth

Tuneable laser spectroscopy
Tuneable laser spectroscopy

• Different 
detection 
methods.

With sample

Data 
analysis

a
b

Absorption 
spectrum

Excitation 
spectrum

Fluorescence 
spectra

E
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Lasers in Spectroscopy

Without sample

sample
detector

Tuneable lasers

Tuneable laser spectroscopy
Tuneable laser spectroscopy

• Different 
detection 
methods.

With sample

Data 
analysis

a
b

Absorption 
spectrum

Excitation 
spectrum

Fluorescence 
spectra

E
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• Add more 
photons to 
probe 
higher 
levels.



Lasers in Spectroscopy

Advantages of tuneable lasers in spectroscopy

• Selectivity: Can excite a specific atomic/molecular 
species to a specific excited state. 
• High sensitivity can be achieved. 
• High spectral resolution with a narrow bandwidth 

Advantages
Tuneable laser spectroscopy

• High spectral resolution with a narrow bandwidth 
laser.
• High spatial resolution due to small laser spot.
•Time evolution measured with pulsed lasers.



Lasers in spectroscopy

Lasers access the nonlinear properties of atoms. 
� Intense laser light drive electrons of atoms to oscillate in an 

anharmonic way.
� Re-radiate new frequency: e.g. harmonic, sum, difference 

Lasers also facilitate techniques that are not 
possible with conventional light sources. 

Advantages
Tuneable laser spectroscopy

� Re-radiate new frequency: e.g. harmonic, sum, difference 
of incident frequencies.

Useful as:
• Spectroscopic technique.
• To generate new light frequencies.

n 2n



Width of 

What determines spectral resolution?

Narrowband laser is tuned over atomic 
absorption line…

Bandwidth 
of laser 

light

What determines the spectral line widths?
Conditions influencing the spectrum

Width of 
spectral lines

Line width of 
absorption 

line

Influenced by line 
broadening mechanisms



What determines spectral resolution?

Natural line width (Radiative broadening)

Heissenberg’s Uncertainty Principle:
- Atom has finite lifetime in excited 

state 2.
- Energy of excited state has an 

uncertainty (width) DE .

DE2, G2

n12

1

2

What determines the spectral line widths?
Conditions influencing the spectrum

uncertainty (width) DE2.
- Spectral line has non-zero width D n12.

- Always present.
- Small, can be neglected if other 

broadening mechanisms are present.

Line width
D n12

n12



What determines spectral resolution?

Effect of collisions: Pressure broadening

- Gas atoms collide with each other. 
- Collision perturbs (changes) the 

energy levels of the atom.
- Group of colliding atoms 

absorb/emit over broadened 

What determines the spectral line widths?
Conditions influencing the spectrum

n12
n12 n12

absorb/emit over broadened 
frequency range.

- Higher pressure �  broader 
spectral line. Line width

D n12

n12



What determines spectral resolution?

Effect of temperature: Doppler broadening
- Atoms/molecules of gas at T > 0K move randomly.
- Doppler effect: Atoms with different velocities towards/away 

from light source absorb different frequencies. 
Doppler shift Dn=n0(v/c)

- Sum of the absorption lines of atoms with different velocities 

What determines the spectral line widths?
Conditions influencing the spectrum

- Higher temperature �  
broader spectral line.

- Sum of the absorption lines of atoms with different velocities 
give Doppler broadened spectral line.



What determines relative line strengths?

Effect of temperature: Thermal excitation
Higher temperature 
�  atoms/molecules excited 

thermally to higher energy 
levels.

Lower temperature 
�  atoms/molecules pile 

up in the lowest energy 
levels.

What determines relative line strengths?
Conditions influencing the spectrum

� Absorption line strengths depend on population in lower 
level.
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What is the effect of a magnetic field?

Effect of magnetic field: Zeeman effect

j=1

mj=+1
mj=0
mj=-1

What is the effect of a magnetic field?

pppp Plane polarisation

DEµ B

Conditions influencing the spectrum

E
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B=0 B-field in z direction
j=0 mj=0

ssss+ssss -

Circular polarisation

pppp Plane polarisation

E
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Examples in research @ the LRI

Two tuneable laser spectroscopy projects 
at the Laser Research Institute: 

1.  VUV laser spectroscopy
of carbon monoxide (CO) molecules.

2.  Laser spectroscopy, cooling and trapping 
of rubidium (Rb) atoms.



VUV Laser Spectroscopy of CO: Introduction
Vacuum UV UV Visible Infra red 
100-200 nm 200-400 nm 400-700 nm lll l > 700 nm

Not well-
explored by laser 

spectroscopy 
due to lack of 
commercial 

VUV laser spectroscopy:
• Niche research area in spectroscopy.
• Examples of applications:

� Electronic excitation of small molecules (CO, SiO, 
NO, H2, N2).

Introduction
VUV laser spectroscopy of CO

This project: Generation of VUV laser light and 
its application to spectroscopic study of 
carbon monoxide molecules.

commercial 
tuneable narrow 

bandwidth 
lasers.

NO, H2, N2).
� Soft ionisation of larger organic molecules for 
analytical mass spectrometry.
� Investigation of technologically important large-
bandgap crystals (diamond, fused silica, calcium 
fluoride).



VUV Laser Spectroscopy of CO: Introduction

Star

CO in 
interstellar 
gas cloud 

absorbs VUV 
light

• CO is second most abundant 
molecule in space, therefore 
important in astrophysics and space 
science[1].  

• CO absorption lines (especially weak 
lines) in satellite observations yield 
information on interstellar gas clouds 

Introduction
VUV laser spectroscopy of CO

earth

Satellite 
based 
spectrograph

information on interstellar gas clouds 
and contribute to understanding the 
evolution of stars.

• Accurate lab measured wavelengths 
needed for interpretation. Data 
lacking for: 
– Rare isotopomer 12C17O (0.04% abundance)[2]

– Forbidden transitions of 12C16O (99%)[3]

[1] Van Dishoeck & Black, 1988, Astrophys. J. 334, 771 [2] Sheffer et al. 2002, Astrophys J. 574, L171 [3] Eidelsberg & Rostas 2003, Astrophys. J. Suppl. S. 145, 89. 



VUV Laser Spectroscopy of CO: Introduction
Aim: Measure wavelengths of 12C17O and forbidden 

12C16O lines to 0.2 pm accuracy. 

Challenges: 

• To generate enough VUV light using a 3rd order 
nonlinear process in a gaseous medium. 

Introduction
VUV laser spectroscopy of CO

nonlinear process in a gaseous medium. 
Frequency doubling crystals are not VUV transparent.  
Susceptibilities: c(3) / c(2) ~ 10-7

• Sensitivity: Low concentrations (rare isotopomers) and 
low transition probabilities (forbidden lines) mean weak 
signals.

• Spectral resolution & calibration: Absolute wavelength 
values with relative error < 1x 10-6. 



VUV Laser Spectroscopy of CO: VUV source
VUV generated in a Mg vapour-Kr gas medium

by a 3rd order nonlinear process: 
four-wave sum-frequency mixing.

Mg vapour –
Kr gas 

medium

incident laser 
beams

frequencies nnnn1, nnnn2

generated VUV
2nnnn1 + nnnn2 = nnnnVUV

VUV generation
VUV laser spectroscopy of CO

nnnn1

nnnn1

nnnn2

Mg atomic 
ground state

Critical requirements:
1. n1 must correspond to a two-photon 

resonance of medium to enhance the 
3rd order susceptibility for the process. 

2. Medium must be engineered so that the 
visible and the VUV light travel at the 
same phase velocity in the medium. 
This condition called phase matching.

nnnnVUV



VUV Laser Spectroscopy of CO: VUV source
Requirements:
1.Two-photon resonance
2.Phase matching

• Conditions for phase matching:
– particular Kr-Mg pressure ratio, 
– highly homogeneous mixture,
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VUV generation
VUV laser spectroscopy of CO

– highly homogeneous mixture,
– stable temperature (~760 °C).

• Heat pipe oven is used – which 
employs phase equilibrium 
conditions to meet these stringent 
requirements for phase matching.
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VUV Laser Spectroscopy of CO: SetupExperimental setup
VUV laser spectroscopy of CO

• Sample: natural CO gas in supersonic jet.
• Fluorescence and transmitted VUV recorded as 

function of VUV wavelength. 



VUV Laser Spectroscopy of CO: Setup

Conditions in a supersonic jet:

Molecules in supersonic expansion 
are cooled to low temperatures 
(down to 4 K).

• Doppler broadening reduced.

Gas density and collision rate 

Experimental setup
VUV laser spectroscopy of CO

Gas density and collision rate 
decreases as gas expands until 
practically collision-free.

• Collisional broadening reduced.



Spectral line 

What determines the line widths in the spectra?

CO spectra: Spectral linewidth?

Bandwidth 
of VUV 

light

~ 5 GHz 
~ 0.3 pm at 140 nm

Spectral line widths?
VUV laser spectroscopy of CO

Spectral line 
width

Line width of 
absorption 

lines… small due to cold and 
collision-free conditions 
in jet



• High resolution:
See the molecule 
rotate!

• Large signal to noise 
ratio: 

Laser induced fluorescence (LIF) spectrum

X1S+(v”=0) - A1P(v’=2)

12C17O Results
VUV laser spectroscopy of CO

ratio: 
Detect lines of four 
CO isotopomers
including 12C17O.

• Low temperature of sample beneficial
Lines originating from low rotational levels are strong.



• Accurate wavelengths for 35 rovibronic lines of 
12C17O were measured for first time[1,2].

12C17O Results

• Space science 
application: 
Our data, compared to 
measurements by the 

12C17O Results
VUV laser spectroscopy of CO

[1] Steinmann et al. 2003, Astrophys. J. 590, L123.  [2] Du Plessis et al. 2006, Astrophys. J. Suppl. S. 165, 432 

measurements by the 
Hubble Space 
Telescope, used to 
calculate heliocentric 
velocity of gas cloud 
towards star X Persei.



Optimising for forbidden CO lines

• Forbidden lines: transitions 
from singlet ground state to 
triplet excited states – electron 
spin must flip.

• Transition probability > 0 due 
to mixing between close-lying 

Optimising for forbidden CO lines
VUV laser spectroscopy of CO

Triplet

Singlet

to mixing between close-lying 
triplet and singlet levels.

• Challenge: Weak forbidden 
lines lie among strong allowed 
lines, obscured by them.

Singlet

Triplet



Optimising for forbidden CO lines
• Used the pulsed nature of the VUV source to suppress allowed 

lines, selectively detect forbidden lines!

• Triplet excited states have longer fluorescence lifetimes longer 
than singlet excited states.

Optimised for forbidden lines

• Exploit this by 
integrating signal over 
different integration 

Optimising for forbidden CO lines
VUV laser spectroscopy of CO

Integration 
windows

Optimised for forbidden lines

Not optimised

different integration 
window.



• Accurate wavelengths measured for 52 lines; 30 
of these for the first time[1].

• Wavelength accuracy of ~0.1 pm (1.2 GHz)

Application:

Results on forbidden linesResults on forbidden CO lines
VUV laser spectroscopy of CO

Application:
• Wavelengths compared to calculations according 

to the latest numerical model of CO[2].
• Data relevant in astrophysics to determine 

12C16O concentrations in interstellar space. 

[1] Du Plessis et al. 2007, J. Mol. Spectrosc. 243, 124
[2] Eidelsberg and Rostas 2003, Astrophys. J. Suppl. S. 145, 89 



• Obtain new spectroscopic data relevant in 
astrophysics.

• Measurements of weak lines made 
possible by
� Near zero background of laser induced 

Significance of VUV spectroscopy results
VUV laser spectroscopy of CO

� Near zero background of laser induced 
fluorescence technique.

� Small spectral bandwidth and pulsed 
nature of VUV laser light.



Examples in research

Two tuneable laser spectroscopy projects 
at the Laser Research Institute: 

1.  VUV laser spectroscopy
of carbon monoxide (CO) molecules.

2.  Laser spectroscopy, cooling and trapping 
of rubidium (Rb) atoms.



Spectroscopy and cooling of Rb: Introduction

Laser cooling and trapping:

Laser  beams and electromagnetic fields are used to 
cool and trap a cloud of neutral atoms in vacuum.

Relevance:

Introduction
Spectroscopy, cooling and trapping of Rb

Relevance:
• Basic research: 2 Noble prizes, Bose-Einstein 

condensate as novel form of matter, quantum 
computing…

• Applications are emerging: ultra accurate time 
and frequency standards for industry.



Spectroscopy and cooling of Rb: Principles

Laser cooling using the Doppler effect:

Cooling = slowing 
down atoms

natom

S
ca

tte
rin

g 
ra

te

red detuned

Principles of laser cooling and trapping
Spectroscopy, cooling and trapping of Rb

nlaser

frequency

velocity

force

Counter-
propagating 
laser beams: 
• same 
frequency, 
• red detuned.



Spectroscopy and cooling of Rb: Principles

Laser trapping using the Zeeman effect.
Trapping = confine cooled atoms in space

B-field

ssss+ ssss -

z-axis

B in +z-direction

Principles of laser cooling and trapping
Spectroscopy, cooling and trapping of Rb

z-axis

forceforce force = 0

j = 1

j = 0

mj = -1  mj = 0  mj = +1

s - s+

B = 0
-1

mj = +1
0

s - s+

B in -z-direction

mj = -1
0 +1

s - s+



Spectroscopy and cooling of Rb: Principles

The basic setup:
6 laser beams
• correct frequency
• circular polarisation

Principles of laser cooling and trapping
Spectroscopy, cooling and trapping of Rb

magnetic field 
produced by 2 

current carrying 
coils



Spectroscopy and cooling of Rb: Principles

• 87Rb energy 
levels with 
hyperfine 
splitting due to 
nuclear spin.

• Repump laser 
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Principles of laser cooling and trapping
Spectroscopy, cooling and trapping of Rb

• Repump laser 
keep atoms in 
correct energy 
level to be 
trapped.
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Spectroscopy and cooling of Rb: Introduction

• Was the first attempt in SA when 
started in 2004.

This project: Development of an experimental setup for 
laser cooling and trapping of 87Rb atoms using 
external cavity diode lasers (ECDLs). 

Develop ECDLs 
and control 

Our project
Spectroscopy, cooling and trapping of Rb

Cooling and 
magneto optical 
trapping of 87Rb.

started in 2004.
• From scratch…

Doppler-free 
spectroscopy of 

87Rb

and control 
electronics



Absorption spectroscopy of Rb

No 
hyperfine 
structure 

observable. 
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Absorption spectroscopy of Rb
Spectroscopy, cooling and trapping of Rb



Absorption spectroscopy of Rb

No 
hyperfine 
structure 

observable. 
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Bandwidth of 

Spectral resolution?
Spectroscopy, cooling and trapping of Rb

Can one 
measure a cold 
spectrum using 
a hot sample?

Spectral line 
width

~ 700 MHz
Line width of 

absorption 
lines

Bandwidth of 
laser small 
(<1 MHz)

Doppler broadening and collisional 
broadening at room temperature



Saturated absorption spectroscopy of RbSaturated absorption spectroscopy of Rb
Spectroscopy, cooling and trapping of Rb

Yes!



Saturated absorption spectroscopy of Rb
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Saturated absorption spectroscopy of Rb
Spectroscopy, cooling and trapping of Rb

Hyperfine structure 
resolved!

Spectral line 
width 

~ 30 MHz
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Saturated absorption spectroscopy of Rb

Signal obtained when strong pump 
depletes ground state the probe 
absorption dips.

• This happens when laser n on 

probe pump
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Saturated absorption spectroscopy of Rb
Spectroscopy, cooling and trapping of Rb

• This happens when laser n on 
absorption line & atom is 
stationary (no Doppler shift).

Measure spectrum of the stationary atoms only: 
Doppler-free spectrum!

• Crossover peaks are produced when pump and probe Doppler 
shifted to different absorption lines with same ground state.

0 100 200 300 400 500

-0.8

Relative frequency (MHz)



Experimental setup
Spectroscopy, cooling and trapping of Rb

Setup completed. Final fine tuning needed for first 
demonstration of laser cooling and trapping.



Significance of results

• Lasers make it possible to:
� Measure a Doppler-free spectrum of hot 

atoms.
� Manipulate, cool and trap neutral atoms.

Significance of results
Spectroscopy, cooling and trapping of Rb

Manipulate, cool and trap neutral atoms.



Conclusions

These were two examples 
of lasers in spectroscopy.

Many other applications exist, 
especially in ultrafast spectroscopy.

Use of lasers has revolutionised spectroscopy
• Improving capability of conventional 

techniques.
• Opened up a world of new techniques.
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