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High energy density science (HEDS) experiments with table top terawatt lasers: 
the why and how
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1.Intense Laser- Matter Interaction: Some Basics
[mainly for ultrashort (femtosecond) pulses]

2. High energy density science (HEDS) 
experiments with table top terawatt lasers: the why 
and how – TODAY!

3. Physics issues and challenges in HEDS with 
table top lasers: some examples
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Collaborators 
P. Ayyub and students (DCMP & MS, TIFR)

P. K. Kaw , S. Sengupta, A. Das, S. Yadav (IPR): theory and modeling 

P. P. Rajeev, A. P. L. Robinson, J. Pasley (Simulation)
(RAL and York, U.K)

K. A. Tanaka, H. Habara, R. Kodama, K. Mima and others (ILE, Osaka)

W.  M. Wang, Z. M. Sheng (Shanghai)



Ultra short Pulse High Intensity 
Laser Laboratory, TIFR

20 TW, 30 fs, 10 Hz

www.tifr.res.in/~uphill
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A bird’s eye view 
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Plan of the Talk

• Introduction and motivation
high energy density  science

• High energy density science with 
ultrashort lasers- how and why?

• Illustrative examples
• Conclusions            



High Energy Density
External energy density applied to a material ~ 
comparable to the material’s room temperature 
energy density.

~
bulk moduli of solid-state materials 

1011 J /m3

At this energy density, the pressure is 1 Mbar.
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What is ‘High Energy Density’?
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ShadedShaded-- HED regionHED region
possible to explorepossible to explore



HIGH ENERGY DENSITY SYSTEMS
Physical properties

Nonlinear and collective responses
Full or partial degeneracy

pressure determined by the Pauli exclusion principle 
rather than by temperature.

Dynamic systems
High Reynolds number-turbulence, ultimate 

nonlinear response 
High Mach no (= kinetic energy / thermal energy )-

form and sustain shocks.

Re>104 and Ma > 0.5 relevant to large scale astrophysical 
phenomena.



High Energy Density Physics

seeks to answer some of the most 
basic questions in science…………



How does matter behave under conditions of extreme
temperature, pressure, density, and  EM fields?

What are the opacities of the stellar matter?
What is the nature of the matter at the beginning of 

the universe?
How does matter interact with photons and neutrinos

under extreme conditions?
What is the origin of intermediate-mass and high-

mass nuclei in the universe?



 Achieve high-yield fusion ignition in the lab?

 Simulate mechanisms for formation of astrophysical 
jets in laboratory?

 Equation of State for stellar and planetary 
structures?

 Can electron-positron plasmas relevant to gamma-
ray bursts be created in the laboratory?



High Energy Density Science with  High Energy Density Science with  
Small (Tabletop) lasers  Small (Tabletop) lasers  

==
‘‘High High IntensityPhysicsIntensityPhysics’’

A A study of study of 
Extremely  excited statesExtremely  excited states of matterof matter

produced by produced by 

Extremely short, energeticExtremely short, energetic pulses of light.pulses of light.

Impulsively kicked physical systemsImpulsively kicked physical systems



Energy Scales involved  Energy Scales involved  

Photon energyPhoton energy - 1.5 ev (~ 101.5 ev (~ 100 0 eV)eV)

Ionization energy of atom (typ.)Ionization energy of atom (typ.) –
101011 --101022 eVeV >> Photon energy    

Energy given to the electronEnergy given to the electron
>>>>>>>> both the above!



Plasma formation in a DENSE medium Plasma formation in a DENSE medium 

Acceleration of ionized electrons by  light 
(Oscillation)

Collisional absorption
Collisions of these individual
electrons with other particles
`Inverse bremsstrahlung’

Resonance Absorption
Excitation of a plasma 
wave (Collective effect)

Damping of  waveDamping of  wave

RepetitiveRepetitive
processesprocesses

Hot,dense plasmaHot,dense plasma

Initial ionization of Initial ionization of valence valence electrons by light fieldelectrons by light field

Hot  electrons and Hot  electrons and 
finally Hot ionsfinally Hot ions



Physics In Physics In ULTRAULTRA--INTENSEINTENSE Light FieldsLight Fields

Matter totally Matter totally 
ionizedionized

Large charge densities

Energetic electrons

( > 1024 cm-3 )

( 103 - 106 eV )

Nonequilibrium dynamics - violently driven systems

Relativistic and QED effectsRelativistic and QED effects
multiphoton Compton scattering, pair production

Nuclear excitation and fusion
Laboratory Astrophysics

Sun

Gigantic magnitudesGigantic magnitudes
Magnetic fields 10Magnetic fields 1099 GG Electric field 10Electric field 101010 V cmV cm--11

Pressure 109 barsTemperature 108 K ( for e- )
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HED with a Table Top TW Laser (HEDS‐T3) 

Why???

Experimental:
Simplicity 
Repetition Rates 
Easier verifiability/reproducibility 
All the above lead to ‘robustness’ of the 
experiment (averaging, systematics …)

Larger participation (multiple groups, cross 
referencing) 



Nova
Pulse duration 1 ns
10 kJ/beam
10 beams @ 10 TW/beam = 100 TW
1 shot/hour

Ultrafast CPA Characteristics

• Compactness and high repetition rate

Ultrafast Ti:S Amplifier
Pulse duration 15 fs
1.5 J/beam
100 TW/pulse
36,000 shots/hour
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HEDS –T3
Why ???

Physics 
Ultrafast excitations(<<100fs)

Easier temporal and Spatial Manipulation of Laser beam

Steep gradient plasma [Ultrahigh contrast pulses (10‐10)]
High repetition rates (0.1‐ 10 shots/sec as opposed to 

1 shot/hour!)

Testing/matching/pushing PIC Simulations.

Non‐T3 Laser Spatial profile
(0.5 to 1.0 meter!)

T3  Spatial Profile
(10‐15 cm)



1010--1515 ss 1010--1212 ss 1010--99ss1010--1414 ss 1010--1313 ss

femtofemto nanonanopicopico

Time scale for motion of ionsTime scale for motion of ions

Femtosecond pulses excite matter before ions can move
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HEDS-T 3: Creating unusual states 

Liquid carbon Liquid carbon 
sighted !sighted !

First evidence First evidence -- by  by  
fsfs, INTENSE  light , INTENSE  light 
femtoLaserfemtoLaser
LaserPumpLaserPump--Probe  Probe  
Reflectivity Reflectivity exptsexpts. . 
(Downer and group)(Downer and group)

Nature 1992Nature 1992
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HEDS –T3

HOW ???

Here is one example



Real TimeReal Time Ultrafast Dynamics of Ultrafast Dynamics of 
Dense, Hot Matter Dense, Hot Matter 

Measured byMeasured by
PumpPump‐‐Probe Probe DopplerDoppler SpectrometrySpectrometry

Real TimeReal Time Ultrafast Dynamics of Ultrafast Dynamics of 
Dense, Hot Matter Dense, Hot Matter 

Measured byMeasured by
PumpPump‐‐Probe Probe DopplerDoppler SpectrometrySpectrometry
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Intensity : 1018 W/cm2

Laser τ : 30 X 10‐15 s

Plasma T : 102 / 105 eV

Plasma Velocity : 107 ‐108 cm/s

Plasma

Laser

Target

ncr

Laser

Scattered Light

Scattered Light

Heat
Transport

X‐rays
Fast
Particles

Laser Plasma Interaction
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Probe
(Time Delayed
w. r. t. Pump)

Pump‐Probe Experiment 

To Polarimeter/
Spectrometer/
Interferometer/…

Plasma Dynamics – Extremely Important 
Need to See Plasma Dynamics “as it happens”

Target 
Pump

400 nm, fs

800 nm, fs

Our earlier work:
PRL (2002): PRE (2006); POP (2009)



Plasma motion occurs at very high velocity 

(> 107 cm/sec)

So plasma profile changes rapidly  

This implies, plasma conditions change 
significantly during laser interaction

Ultrafast Plasma Dynamics

2828
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Motivation

To Estimate 
the Plasma Expansion VelocityPlasma Expansion Velocity and 

thereby 
the Instantaneous PInstantaneous Plasmalasma ProfileProfile



Probe Spot 
size ~60 μm

Pump Spot 
size ~17 μm

Probe

Spatial Matching of Two Beams





No plasma contribution as yet

Idea of pumpIdea of pump--probe geometryprobe geometry

Probe ahead of pump
Reflects from Metal

Now probe reflected from plasma
formed by the pump
Studying evolution of plasma

Pump Probe Overlapped
Time = 0
Partly reflected from plasma












Probe

Beams are hitting a new 
target spot every time

80 fs
(264 
μm)

t
30 fs

(99 μm)

Before temporal matching

t
After temporal matching

Temporal Matching of Two Beams

Many Interesting results on time resolved reflectivity
in the Posters of Prashant K. Singh and Gourab Chatterjee on Thursday
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Probe ahead of Pump

Pump and Probe arrive 
at the same time
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Probe

Beams are hitting a new 
target spot every time

80 fs
(264 
μm)

t

Temporal Matching of Two Beams

Many Interesting results on time resolved reflectivity
in the Posters of Prashant K. Singh and Gourab Chatterjee on Thursday



3535

398 399 400 401 402 403 404

30 ps0 ps

 

 

N
or

m
. I

nt
en

si
ty

 (a
. u

.)

Wavelength (nm)

4 ps

Target : 
Aluminium

3535

Time Delayed Spectra



Target : 
Aluminium
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800 nm,
3 x 1018  W/cm2 

Probe:
λ = 400 nm

Visual 
Guide
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Dynamics Over 30 ps



To Observe Small Shifts it is Better to To Observe Small Shifts it is Better to 
Observe DifferencesObserve Differences

i.e.

Time Delayed Probe Spectrum – Reference Probe Spectrum

3838
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If the time delayed spectrum is red‐shifted with respect to 
zero time delayed spectrum : 

subtracted spectrum (later spectrum ‐ zero time delay spectrum) 
will show minima followed by maxima

397 398 399 400 401 402 403 404 405
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If the time delayed spectrum is blue‐shifted with respect to 
zero time delayed spectrum : 

subtracted spectrum (later spectrum‐zero time delay spectrum) 
will show maxima followed by minima

397 398 399 400 401 402 403 404 405
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Dynamics Over Time Scale of 30 ps
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Why Red Shift ???

The pump laser launches a 
compression wave into              
front surface plasma

At early times compression wave  
forces the                                 

critical surface into the target
4242

Doppler Shift



Why Blue Shift ???
At later times a compression wave has 

propagated into 
a region of overdense plasma

Critical surface of the probe sits in the 
region that is undergoing rarefaction, 
thus critical surface is moving into the 

vacuum and towards the laser
4343

Doppler Shift



Pump:
800 nm,

3 x 1018  W/cm2 

Probe:
400 nm

Target : 
Aluminium
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A polynomial fit
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Doppler Shift in Reflected Probe Spectra



Vexpansion = 0.5c (Δλ /λ) (1/cos θ)

Critical surface moves (expanding)
AWAY from the target

Critical surface move 
INTO the target
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Velocity and Acceleration from Doppler Shift
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1D PIC+1D Hydrodynamic Simulations : HYADES
Results of PIC simulation as input of HYADES
500 µm Al target : 100 Lagrangian cells
Two different Laser Sources : 800 nm and 400 nm
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Doppler Shift : Simulations
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Red line is 800 nm pump profile
Blue line is 400 nm probe profile

Pump main pulse is 30 fs flat top
Probe is 80 fs flat top

Simulations by : John PasleySimulations by : John Pasley



Pump:
λ = 800 nm

Probe:
λ = 400 nm

Target : 
Aluminium
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Doppler Shift in Reflected Probe Spectra
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Target : Aluminium
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How short is a femtosecond pulse ?How short is a femtosecond pulse ?

Uncompressed parts –
pedestal

Picosecond pedestal : 10-5

times weaker

Can they form plasma before the main pulse arrives ?
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100TW, 25 fs, high contrast
laser at TIFR (2011)



 Establishing basic physics with ultrasteep pulses 
with solids, clusters and mesoscopic matter

New experiments    planned

10-11

1010 W cm-2@ -20 ps

1.0

1020 W cm-2



Invitation!

• Please ask more questions about the 
experimental techniques in the Discussion 
Session in the afternoon today
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1.Intense Laser- Matter Interaction: Some Basics
[mainly for ultrashort (femtosecond) pulses]

2. High energy density science (HEDS) 
experiments with table top terawatt lasers: the why 
and how –

3. Physics issues and challenges in HEDS with 
table top lasers: some examples- TOMORROW!
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