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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
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Normal Light — Matter interaction



|-meter

— 1077
— 1012
— 106

W/cm?



A Useful Example From Normal Optics
Reflection From a Metal

Drude model

O - skin depth
Visible light (700 nm)

= 1/(2rnucw)?

(10-50 nm)
Metals - good reflector

(80-90 %) Electron density - 1023 cm3

Electron energy (typ.)- 102 eV

700 nm (remember these numbers)



Metals — why do they reflect light?

Metals have a free electron "plasma’ inside.
The electrons get excited by light irradiation

Collective motion

2

@y

o(w+1n)

Plasma frequency o,= 4nNe?/m, (‘Plasmon’, collective mode)
n- collision frequency, m, - electron mass, N - electron density

Dielectric Function € =1—

If incident o < o, light gets reflected. Critical Layer’
(another ex:Radio wave communication)

If incident ® > w, light can walk through.



Metals have step-like electron density profiles

N

WV

X \

n critical (red)

Note: the density profile is fixed
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The photoelectric effect

.e........Qs every one knows it

*The photon energy has to be equal to or
larger than ionization energy
(“work function’)

hv

*The photon flux (intensity) does not
play a role




LIGHT-MATTER INTERACTION

Essentially Induced Dipole Reradiation
(electronic response)

(D,k,E 0),1k,1E'

E small P =¢eyxE
(Linear Optics) 0%E 02p

V°E — u,e =
\ Ho&yg 5t 2 H o 5t 2
Electron oscillates in simple harmonic fashion



A lady intervenes.............

and changes things forever !

For her dissertation (1930), she

calculated the probability that an electron
orbiting an atom's nucleus would emit

two photons of light as It jJumped to an orbit
closer to the nucleus. Her challenging
calculation was confirmed experimentally

In the 1960s.

Maria Goeppert Mayer (Nobel prize in 1963)



Ann. Physik 9 (1931) 273
Perturbative calculation at "high’

Intensities
[f> ’) 2
2
| | (0~ )
_________________ Virtual level  |k>
i>

I- Input light intensity, R;,— matrix elements



The "Multiphoton’ notion

» Basic idea- high photon fluxes imply a
large probability of for two or more
photons to interact simultaneously with an
atom



LIGHT-MATTER INTERACTION

Essentially Induced Dipole Reradiation
(electronic response)

o,K,E o k' E’
(2)2 (3) =3
E small P =g yETEX B +Ey E -

(Linear Optics) 2 2
VE - ue, 0°E 0°P

\\ STELEPTE
Electron oscillates in simple harmonic fashion

Large amplitude motion - anharmonic oscillations




LIGHT-MATTER INTERACTION

Essentially Induced Dipole Reradiation
(electronic response)

o,k E o kK E’
E large P=¢,7E
(Strong ) )
Fields) VE- e Sty 90

\\ ot* ot
Electron oscillates in simple harmonic fashion
Large amplitude motion - anharmonic oscillations



What happens if we peak up the intensities further?
(and how do we do that?)

By shrinking the light into ever shorter pulses
(“fewer’ moments) and focusing it to small sizes



The laser projectile’ -
"Pulse’ the light to produce ‘Peak’ power

Peak power=
Pulse Energy / pulsing time

For the same energy- the shorter
the pulse, the larger the
Peak power !

1 Joule in 1 sec = 1 Watt
1Jin 1 picosecond (101?sec)

1 ps
P = 1 Terawatt (1012 W)

A = 1064 nm ' Photon energy
~1leV




Multiphoton lonization

single
ato )
W R, =c,lI"
—— CONTINUUM
SR S Relatively low intensities
and
IS N short wavelengths
High Intensity Wavelength still meaningful
Photoelectric T
effect

ground state



Breakdown of the ‘Multiphoton’ notion
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Tunnel 1onization Oppenheimer (1928)

Keldysh (1965)
Nonperturbative regime - tunnel/over the barrier ionization

7\

V = . E X High intensity Long wavelength
X

single
ato

Large fields - "E” is all that matters



What are Intense Fields ?

Extremely large E fields generated
by short pulse high energy lasers

Two criteria

1. Comparison with the intra-matter Coulomb field
Hydrogen atom - 1s electron

1/2
E ~10° Viem Intensity | = ziij E|" ~10*W /cm?
Ho
2. Breakdown of Perturbation Approach (Polarization)
occurs at 10 > W/cm?

Strong < 10 W/cm? Intense > 1012 W/cm?
Super-intense >10 ° W/cm?

Current Highest Intensity - 10 %2 W/ cm? !



The LaseRevolution

1PW +

>10¢" Wiem® 1107
Sma” Step ' Solid-state =1 PW |
- amplifiers
R % -
.3_ A 1 108
& -
= Dye chirped puise ]
- amplifiers amplification ]
1GW r =
1980 1920 2000
Year

Glant Leap!

Bringing the stars down to
earth!!

[

Intensity at focus [Wicm]




Chirped Pulse Amplification

Short pulse oscillator J Strickland & Mourou, Opt. Comm. 56,

219, 1985
Cook, Proc. IRE, (1960), pg. 310
_»t

DispersWy line
_A

>t

Solid state amplifiers~._

>t

Inverse delay line J




300m)J,50fsec,10Hz.

A

1J @

Nd:YAG Laser.
532nm;5nSec;10Hz

Nd:YAG

Laser.200mJ @

532nm;5nSec;10Hz

Nd:YAG Laser.

@
532nm;5nSec;10Hz

650mJ;200pSec;

5mm.

50 fs

300 ps




Tunnel 1onization Oppenheimer (1928)

Keldysh (1965)
Nonperturbative regime - tunnel/over the barrier ionization

7\

V = . E X High intensity Long wavelength
X

single
ato

Large fields - "E” is all that matters



Light oscillates electrons !

E(t)cosmt

10-100 nm

100-1000 lattice spacings in a solid






Ponderomotive energy

Acceleration of the ionized electron in the laser field
e2E2) °
U, = >
167°m,
e - electronic charge
E - electric field in the light wave

A - wavelength of the laser
m, - electronic mass

E = 275X 108 V/cm (1013 W/cm?)
U,=1.1¢eV for A=1.06pum
> 100 eV for A =10.6 um

Up> 10°eV for 4 =1.06pum & 10*° W/cm?

Each electron interacts with 10° photons !!
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Light lonizes a Solid

1043/cc free electrons
10-100 eV






Light Absorption by Plasma

Laser
beam

Plasma

Solid target

2
P

2 1 @
o(o+1v)

Critical at @, = @

\N,

plasma expansion

[ ~ct

Critical density

Under-dense Over-dense

Wpe < @ Wpe = O

Laser Turning point; n,, ~ 10%cm-3



CRITICAL SURFACE —
Absorbs/Reflects light. Launches
fast electrons into plasma

MOST IMPORTANT LOCATION in PLASMA

= Mk

h

Target VACUUM Red - Plasma Density Profile






Polarization Independent Mechanism

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

*

32Vail (g8 0)
15¢

f, =1—exp(-

L — plasma length
v*—vi(n,/n,), the e-i collisional frequency

n.,z
V.. oC

el 3/2
Te

e since T, ~ I3, collisional absorption is important only in
the low intensity regime (< 107 W cm-?)



Plasma absorption

-A=1-R

|<3x10Wcm=2 Ais
almost polarization
independent & obeys
Fresnel laws, as IB is
dominant

e at higher intensities, there
IS a clear polarization
dependence of absorption

* the difference in
absorption should account
for extra absorption
mechanisms, which are
polarization dependent

ectivity

Refl
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POLARIZATION DEPENDENT mechanisms

Resonance Absorption (> 101> W cm-2)

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

‘Hot’ electrons

WHY study Hot electrons?

Important for Fast Ignition Fusion
Emitters of very hard X-ray pulses



Mechanism of Resonance Absorption

P-polarized light, Obligue incidence

Note:

'E" has
Component
Along normal



Resonance absorption
(only for p-polarized light)

Electron waves and wave-breaking along the density gradient

e energy absorption via
damping and wave-
breaking

* hot electron current
(jets?)

eE Large electric fields
Maw* Large density

Quiver amplitude =







Resonance absorption

Component along gradiermzz> ¢ Ne
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Obliquely incident p-polarized light on a linear density ramp



s-polarized light <E2>
* N0 component along the gradient

* SO NO resonance at n, ‘
—>

no wave set-up

p-polarized light E,.Vn, #0
* a finite component along
the gradient

e undergoes a resonance
at n_

* builds up a wave along the

gradient
*HOT electron generation



Noncollisional Absorption
Very Steep Gradient

electron oscillation

L << A plasma
e A<L
e A>L



How Is the laser energy shared in the plasma?

1.Bulk of the Electrons, primarily IB heated (quasi-equilibrium,
Maxwellian, T, upto a few 100 eV)

2. Hot’ Electrons, created by collective mechanism (RA)
(non-equilibrium, some times "beam-like’, but can be
approximated by another Maxwellian at a much higher
‘temperature’) T, ., : 10-100 keV.

These hot’ electrons

(1) Cause giant magnetic fields

(2) penetrate into the bulk,create inner shell vacancies and K, L x-
rays. Also emit hard-very hard bremsstrahlung, cause ion
acceleration.......

(Some of these electrons also escape into vacuum)



Energy budget for the given laser input:

At 101 W /cm?

IB absorption ~ 10%
Resonance Absorption ~ 30-40%

Other Collective mechanisms ~ 10%

The rest is not coupled !



Why are Hot electrons Important?
An example- laser fusion



NUCLEAR FUSION
D + T — “He(3.52 MeV) + n(14.06 MeV)

For
further heating

Neutron energy can be harnessed.



LASER FUSION Ao
\. v
N

D e
500um {
Reqd. D, T lon Temp. ~ 10-100s of keV

Compression upto 1000 times liquid density

Fusion of large numbers of D and T — Net energy
gain (more than the power sent in).

Initial dia-

Gain of at least 100 required for power plant
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The FAST IGNITION Scheme of Laser Fusion
(Basov et al., 1992, Tabak et al, 1994)

A new proposal to realize net gain by Laser Fusion-
the basic idea-
two steps

1. Compress the fusion target by many nanosecond,
high energy beams

2. At peak compression, send a
femtosecond/picosecond pulse to create ‘Hot’
electrons.

These will ignite the target.



Fast Ignition of Fusion

At
“ v Q‘\.izﬁr
= = == ) =
FAaN CJ N>
' ’t}x‘

Atmosphere Compression Ignition Burn
formation Fuel is compressed At the moment of Thermonuclear
Laser or particle bg rocketlike maximum compression, burn spreads rapidly
beams rapidly heat lowoff of a short (1-10 Hps}, high- through the
the surface of the surface material intensity (10" W/cm’ compressed fuel,
fusion target, forming pulse ignites the capsule yie ding many
a surrounding umes the driver
plasma envelope Laser energy * Input energy

Inward transported thermal energy wasp
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relativistic optics

For laser intensities exceeding I1~1018 W/cm?, the electron
guiver motion becomes relativistic within half a period

target: one electron
» mass increase
» forward acceleration

due to Lorentz force
» anharmonic osc.

Ulrich Schramm e u.schramm@fzd.de ® Laser Particle Acceleration Group ® www.fzd.de e FZD 2008



single electron dynamics

Ulrich Schramm e u.schramm@fzd.de ® Laser Particle Acceleration Group ® www.fzd.de e FZD 2008



In the next two lectures, we will see the
Physics of Hot Electrons

Specifically,
(a) controlling their creation
and

(b) Consequences of their transport



Peter Mulser
Dieter Bauer

SPRINGER TRACTS IN MODERN PHYSICS 238

High Power Laser-
Matter Interaction
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Intense, ultrashort light and dense, hot matter

G RAVINDRA KUMAR

Tata Institute of Fundamental Research. 1 Homi Bhabha Road, Colaba, Mumbai 400 005,
India

F-mail: grk@tifr.res.in

Abstract. This article presents an overview of the physics and applications of the in-
teraction of high intensity laser light with matter. It traces the crucial advances that
have oceurred over the past few decades in laser technology and nonlinear optics and then
discusses physical phenomena that ocour in intense laser fields and their modeling. Af-
ter a description of the basic phenomena like multiphoton and tunneling ionization, the
physics of plasma formed in dense matter is presented. Specific phenu:umena are chosen
for illustration of the sclientific and technological possibilities — simulation of astrophysical
phenomena, relativistic nonlinear opties, laser wakefield acceleration, laser fusion, ultrafast
real time X-ray diffraction, application of the particle beams produced from the plasma
for medical therapies ete. A survey of the Indian activities in this research area appears
at the end.

Kevwords. Laser-driven acceleration; frequency conversion: harmonic generation: ultra-
fast processes; relativistic plasmas.

PACS Nos 41.75.Jv; 42.65 . Ky; 42.65.Re; 52.27T.Ny
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