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Physics issues and challenges in HEDS with table top lasers: some examples



ICTP-IAEA College on Plasma Physics, October 2012
Lectures by G. Ravindra Kumar, TIFR Mumbai

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  - TODAY!



G. Ravindra Kumar
Ultrashort Pulse High Intensity Laser Laboratory (UPHILL)
Tata Institute of Fundamental Research, Mumbai, India
www. tifr.res.in/~uphill
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A bird’s eye view 

Plasma Plasma 



Plan of the Talk

• Measuring Hot Electron Characteristics
• Enhancing Hot Electron  Generation
• Monitoring Hot Electron Transport Via  

Their Own Giant Magnetic Fields
• Conclusions            



HEDS with Lasers 

Light Absorption- key issue



Collisional absorption (inverse bremsstrahlung)Collisional absorption (inverse bremsstrahlung)
• electron transfers energy to other particles via collisions 
• electron repeatedly gains energy from the laser field
• responsible for the ‘bulk  temperature’ of the plasma
• the fraction of energy absorbed for a linear density profile is
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• since Te ~ I2/3 , collisional absorption is important only in 
the low intensity regime (< 1014 W cm-2)

Polarization IndependentPolarization Independent MechanismMechanism



‘‘HotHot’’ electrons (electrons (‘‘FastFast’’ electrons)  electrons)  
(different from the bulk plasma electrons)(different from the bulk plasma electrons)

Resonance Absorption (> 1015 W cm-2)

P-polarized light at oblique angle of 
incidence, exciting a plasma wave.

POLARIZATION DEPENDENTPOLARIZATION DEPENDENT ABSORPTION  IN  PLASMASABSORPTION  IN  PLASMAS

WHY study Hot electrons?
Important for Fast Ignition FusionImportant for Fast Ignition Fusion
Emitters of  Emitters of  very hard Xvery hard X--ray pulsesray pulses



High Energy Density Electron PulsesHigh Energy Density Electron Pulses
10102121 electrons /cc electrons /cc at at keV keV ––MeV TemperaturesMeV Temperatures

((Light works  on matter via these electronsLight works  on matter via these electrons))



Collective MechanismCollective Mechanism
ResonanceResonance Absorption
ONLY for 
P-polarized light at an 
oblique incidence
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Relay Race!Relay Race!

Femtosecond Light pulse       Femtosecond Electron Pulse Femtosecond Light pulse       Femtosecond Electron Pulse 



‘Hot’ electrons, created by 
Collective absorption processes
are the carriers of Laser energy

(~ 40%) 

How do you ‘see’ these hot electrons?



Input Laser pulse 
300fs

1.2 ps after laser pulse

3 ps after laser pulseGremillet et al., PRL 83 (1999) 5015

‘‘ShadowingShadowing’’ Relativistic Electrons  

Speed: (0.6Speed: (0.6--0.7) x speed of light0.7) x speed of light



Hard X‐ray emission by Hot Electrons via 
Bremsstrahlung
30 fs, 805 nm, 10 Hz

Target

Off-Axis 
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Time of Flight Assembly

CEM

Turbo 
Molecular 
pump

MCA



50 100 150 200 250 300
0.01

0.1

1

 exponential fit

Co
un

ts
 (n

or
m

al
iz

ed
)

Energy (keV)

 

Measuring `hotMeasuring `hot’’ electrons via bremsstrahlungelectrons via bremsstrahlung

o radiation emitted during 
e-ion, e-neutral interaction, 
mainly in the bulk.

o for a Maxwellian e-
velocity distribution, the 
spectral intensity

ekTE
eeB ZenTW /22/1~ 

T1 = 6  1 keV

T2 = 35  3 keV

Copper plasma at 2 x 1016 W cm-2

6 keV6 keV

40 keV40 keV

P. P. Rajeev et al.
Phys. Rev. A , 65, 052903(2002)



A  more direct measurement of the 
Hot Electrons
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Prism Target for Spectral 
Dispersion: Unique Mapping 
of ‘Electron Energy - Radiation Colour’



TIFRTIFR-- ILE Osaka ILE Osaka CollabCollab
Expt. done at TIFR Expt. done at TIFR 

LaserLaser-- 30 30 fsfs
10101919 W cmW cm--2          2          

Spectrum of relativistic electrons
-

BlackBlack-- Direct (TIFR)Direct (TIFR)

IndirectIndirect
(previous)(previous)

RedRed--simulationsimulation





HEDS with Lasers 

Light Absorption- key issue

Can we manipulate absorption?



plasmas reflect a large fraction of  laser light  we send in 
(40-50%)

This is a serious problem for HEDS

More coupling           More hot electron excitation       

How do we couple more light in?

Ans: Bring in more mechanisms……..



Coupling more light to the target
Sub-wavelength Gold grating (AuGR)

[compared to Polished Gold Surface (Au)]

AuGR Au

Grating spacing: 550 nm   Laser wavelength - 800 nm



Why sub-λ grating ?

 mimd  )sin(sin
The Grating  Equation  

dmim /sinsin  
If   m > 0;                 RHS > LHS

m = 0,                 θi = θm
m < 0,                    

not allowed
specular reflection
diffraction possible

even then for θc,m > mλ/d – 1, then the mth order diffraction is 
not possible

consider only first order, in this case θc = 23o

so if the angle of incidence is greater than the critical angle 
then there will be no diffraction and a large amount of the 
incident optical energy will be absorbed 



P. P. Rajeev et. al., AIP Conf. Proc.,2006

Reflectivity Measurement



Intense light gets into the groove!Intense light gets into the groove!

S. Kahaly et al., S. Kahaly et al., 
Phys.Rev.Lett., Phys.Rev.Lett., 
03 Oct 200803 Oct 2008

~100 % absorption of intense light by ~100 % absorption of intense light by SUBSUB--
GRATING target !GRATING target !

((Surface Surface plasmonsplasmons at work )at work )

Efficient Hot Electron Creation Good Good 
for kHz for kHz 
XX--rayray
Sources!Sources!



Bremsstrahlung Spectra 

TAuGR  =  26  2 keV
TAu =  11  1 keV

More x-ray emission from grating
because of more and hotter
Electrons 
(consistent with more 
laser absorption)

RED- Gold Grating 
Black- Planar Gold target



Rough (modulated) Rough (modulated) surfaces supportsurfaces support
““Surface PlasmonsSurface Plasmons””

metal (metal ( <0)<0)

dielectric (dielectric (>0)>0)
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Surface plasma oscillationsSurface plasma oscillations::

fluctuations of the charge on a metal boundaryfluctuations of the charge on a metal boundary
..
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Efficient Hot Electron Creation 



• Maxwell’s theory: EM waves     
propagating along a metallic surface

• dispersion relation (Vacuum):

• (k) is to the right of light line in    
smooth surfaces: can’t couple light  
in to the plasmon mode: non-
radiative

Surface structures provide that k
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Coupling light to plasmonsCoupling light to plasmons
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How do we measure fast 
electron current?

•Ans: Measure its magnetic field!



Generation and damping of BGeneration and damping of B

  BcJc
dt
dB

hot


2

2

4




• Hot electrons Jhot
stream into bulk

• Return plasma currents   
compensate

• The electrical resistivity (1/ )  limits 
buildup and  determines decay of  
magnetic field.

Plasma layer
Solid

Laser

Current loops

Hot e-

Cold e-

SourceSource DiffusionDiffusion

(for a homogeneous target)



MeasuringMeasuring ““BB”” by Polarimetryby Polarimetry
Presence of Magnetic field defines preferred direction in space 
(Anisotropy)  Refractive index depends on polarization of laser

Cotton-Mouton Effect: (B  k)
Linearly polarized light gains ellipticity, 
Reason: Difference in refractive index for component of 
Electric field parallel and perpendicular to magnetic field.

B

k



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 Creation in Plasma Creation in Femtoseconds Femtoseconds 

Flat like a mirror, specular, Flat like a mirror, specular, 
Fresnel like,Fresnel like,
but much but much HOTTER &DENSERHOTTER &DENSER

ne

Lx 0

L << ,  10’s of nanometers

Femtosecond pulses heat  matter at high densities!!Femtosecond pulses heat  matter at high densities!!

Hardly any plasma expansionHardly any plasma expansion
during the lifetime of the laserduring the lifetime of the laser
pulsepulse



M1
M2

L1

L2

MBSM

PDSP

10‐5 torr
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Time Resolved, Space Integrated 

Target Front Target Back
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5 x 1018 W cm-2

Aluminium film coated glass

2 x 1018 W cm-2



Simulation
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Hot electron currents  

- Megaampere, Femtosecond pulses
(106 A, fs)



Generation and damping of BGeneration and damping of B

  BcJc
dt
dB

hot


2

2

4



• Hot electrons Jhot

stream into bulk
• Return plasma currents compensate
• The electrical resistivity -1 limits buildup and 
•determines decay of magnetic field.

Plasma layer
Solid

Laser

Current 
loops

Hot e-

Cold e-

SourceSource DiffusionDiffusion



Simulations by Simulations by SentokuSentoku et al, PRE 2002et al, PRE 2002



‘Hot electron’ currents and ‘Cold return’ currents interact 
with each other

Currents become unstable (Weibel instability- B dependent)

Electron beam breaks up into filaments

Magnetic field gets localized and inhomogeneous  

Not directly observed  till we came on 
the scene…………………..

Relativistic Electron Transport
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Measured Magnetic Field of Relativistic Electrons

TimeTime AND Space Resolved (Polarigram): Target AND Space Resolved (Polarigram): Target FrontFront

0.20.2 psps 0.9 ps0.9 ps 1.1 ps1.1 ps 1.5 ps1.5 ps

2.5 ps2.5 ps 3.2 ps3.2 ps 4.1 ps4.1 ps 5.0 ps5.0 ps

5.5 ps5.5 ps 6.0 ps6.0 ps 6.5 ps6.5 ps
7.0 ps7.0 ps

FrontFrontFrontFront

Filamentary Structures directly captured!
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Measured Magnetic Field of Relativistic Electrons

TimeTime AND Space Resolved (Polarigram): Target   AND Space Resolved (Polarigram): Target   BACKBACK
BackBack
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Measured Magnetic Field of Relativistic Electrons

TimeTime AND Space Resolved (Polarigram): Target   AND Space Resolved (Polarigram): Target   BACKBACK
BackBackBackBack

22.8 ps.8 ps 5.5 ps5.5 ps 8.3  ps8.3  ps

Time Delay=11.1 Time Delay=11.1 
ps  psps  ps

13.9 ps13.9 ps 16.6 ps16.6 ps

33.3 ps33.3 ps 49.9 ps49.9 ps 52.7 ps52.7 ps
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Magnetic Field 

FrontFront BackBack

First direct observation of First direct observation of filamentationfilamentation and and inhomogeneityinhomogeneity!!
(TIFR (TIFR exptsexpts; 2008; 2008--2009, 2009, manuscript in prep.manuscript in prep.))



Alert !
Watch Gourab Chatterjee’s poster  today



What more can we say about What more can we say about 

these these GiantGiant magnetic fields?magnetic fields?
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Giant Magnetic Field
Fourier analysis of spatial image
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Megagauss Magnetic Field
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The kThe k--spectrum follows a spectrum follows a power law !power law !

Magnetic field Magnetic field 
profiles at different  profiles at different  
times Fourier times Fourier 
Analyzed.Analyzed.

dkykykxPkxQ ),()( 

wherewhere
P(P(kx,kykx,ky) = ) = 

B(B(kx,kykx,ky) * ) * conjgconjg (B((B(kx,kykx,ky))))



Power spectrum of Spatial Images  shows  that 
The  Magnetic  Field  is  Turbulent !

Mondal et al., 
Proc. Natl. Acad. Sci. USA (2012)





PNAS Highlight, May 2012PNAS Highlight, May 2012



A few of our other papers relevant  to 
the themes of this talk











Conclusions of  G. Ravindra 
Kumar’s Three Talks

• Femtosecond, Terawatt Laser Pulses enable High 
Energy Density Science experiments on a table top

• Ultrafast dynamics in the target plasma extremely 
important 

• Generation and Transport of Megaampere, 
Femtosecond  electron pulses crucial for many areas 
ex:Fast Ignition of Laser Fusion

Very exciting times ahead, jump right in 
and let us race ahead !


