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OUTLINE

= Ultraintense laser pulsess dlasers
* Plasma physics under extreme conditions
» Generation of photons and particles

» Particle diagnostics
» Potential applications for nuclear technology




How to make ultraintense ultrashort laser pulse?




Dramatic increase in pulse-laser peak power hasiema
laser-matter interaction studies in a fully newimesg
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Chirped Pulse Amplification

m Short pulse generation: 1) compensation of disperand
2) self phase modulation (e.g. Kerr lens modeitapk

m Efficient energy extraction requires a hifirence(Jd/cn?)
m Undesired optical nonlinearities limit the integgitV/cnr)
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Table Top Terawatt (T°) Lasers

Ti:Al ,O; (Continuum/Spectra Physics)
240 mJ, 100 fs, 2.4 TW, 10 Hz, 795 n

€KrF
20 mJ, 700 fs, 1Hz, 248.5 nm

|IOQ FSU-Jena




Vulcan (Rutherford Appleton Labs)

m Central Laser Facility with user support,
TMR-funding possibilities, loan pools

m Nd:glass 2.6 kJ/100 TW+ at 1054 nm, 7€5) 5 ns
pulses or 1kJ at SHG 527 nm

= On target intensity Z9W/cnv¥

Disc amplifiers Target chamber




Petawatt laser (LLNL)

m Ti:Sapphireoscillator
100fs, 1054 nm

m Nd:YAG amplifiers
over 600 J in 430fs
1.25 PW peak power

m Fastignitor test bed




Performance

Energyl100...1000 J anteyond
Pulselength0,1...1ps
Peakpowerl00TW...1PW
Spotdiameterl0...100um

Intensity10°°... 10°'\W/cn¥ andbeyond
Repetitionratel ht...100 st

NearUV-IR wavelengthrange(fundamentgl




Extremely interesting physics




Physics under extreme conditions

Laser field comparable to atomic binding

Ultrafastionization, up to 100 harmonic, VUV
and Xrays, highly stripped ions

Relativistic electron plasmas
MeV-range particles and radiation

Magnetic fielc
Gbarlight and

S in the range 420.10° T
Hohlraumpressures

Extreme acce

eration (of bulk)

Laboratory astrophysics




Ultrafast ionization & other atomic iIssues

Uio=Uatomt € [
Over the barrier

Tunneling
(<10W/cny)

Multiphoton (<16G4W/cnv)

Ultrafast ionization within one laser cycle:

Ece= 2.74510 V/m (1/108 Wcen?) /2

E.on= €4 a,° = 5.14%10 V/m
Sequential ionization: primary electron together
with the ion kicks out a second electron half a
cycle later
Relativistic electron orbitals in highly stripped

atoms like U?*: r_ =8.7 fm, g,,=645 fm

*For a review see M. Protopapas et al, Rep.Prog.FRty389 (1997)




Relativistic electron physics

‘ Pma/MC = 0.854 (A2/1018\Ncm2um2)1/2‘

Multi-MeV electrons— intense UV and X and V-
emission up to 1MeV, significant neutron emission (¥,

m Bulk electron temperature several E¥)

m Pair production: QED theories needed, ultimate case
for Acompton E0E“= MpC* — | = 10> Wem#
Ultrafast photoionization creates B-fields up toT,0
somewhat weaker fields bylg x(IT) —mechanism and

electron jets (in the range 200°T in a longer time scale)

Energy transport by hot electrons is a challengts (p
vacuum, magnetic field inhibition, etc.)

Due to short pulse duration ions are partly frozen




Solid and gas target experiments




Laser-solid interaction

m Preionization at surface
Inhomogeneous plasma
underpverdensglasma

m Several electron and ion

acceleration processes
energies to ‘tens d¥leVs

m 50 % conversion

efficiency to electrons
enormous currents arsl

Laser-plasma interaction
imaged from side




Gas targets, plasma accelerators

m Gasjetexperiment
homogeneous plasma
underdensplasma
intense plasma waves Gasjet

m Extended interaction length (He)
due tochanneling

m Electron acceleration to >100
MeV

s Two methods: Beat wave  -2ser Plasma
(BWA) and Wake Field YIEENT channel
Acceleration (WFA) 10
GV/m fiela




Particles from laser-plasmas

m Plasma acceleration (in gas jets):
Electrons up to >10MeV
lons to severaileV
Dedicated accelerator schemes

m |asersolid interaction
Electrons up to ‘tens d¥le\V’

Protons up to ‘tens dleV’
Heavy Ions up to ‘hundreds MeV’




Nuclear reactions & diagnostics

Santala et al. at Vulcan (IC&RAL)




Diagnostics by activation, Ta-Cu

Activation by v WV :
(p,n)-reactions _— ~ Top Cu-foil

% Cu foils stacked L = :
X lonbeam 2cm

Target, e.g. Ta

S— —
Preplasma/ ’.

Activation by
electrons (Y,n)-reactions

/

/ Cu
Bremsstrahlun

Superhot




Photonuclear reactions

Bremsstrahlung-rays
knock off neutrons

Reaction products are “aunou
often radioactive
%2Cu, T,,,=9.7 min,3*

m Activity proportional
to the energy spectrum
and the intensity of
bremsstrahlung

Multiple reactions
enable resolving the
spectrum




Electron angular distribution

Tatarget/

radiator
m Lasersolid experiment 2 \

= Ta target/converter Cy e e o
12 Cu activators
m Activation distribution
measured
related to fast electrons

Relative intensity

Angle from normal []




Directed radiation pattern, “gamma torch

Over 10 MeV gammas

Vulcan, Norreys et al, Ph.Plasmas 1999




Some potential applications?




Applications of ultrashort
superintense laser pulses:

T able-top particle accelerators

Nuclear reactions, transmutation
Isotope separation, PET isotopes, ...
Ultrashort radiation sources (UV,X.y, n)
Inertial confinement fusion, fastignitor

Materials processing, microstructures, surface
treatment by %lasers

Ultrafastoptical switching
TTHz-sources
Nonlinear microscopy, Bvivo nonlinear spectroscopy.




| aser induced nuclear reactions

Photorinducedreactions i .
y supto 10MeVrange : sy
p-inducedreactions
protonenergyaboves0
MeV

Nucleartransmutation |
Case J|]_29 o A Background

511keV

AEkaY PR
463keV After irradiation

0 480 480 500 520

Photoninducedfission EnergykeV)
case Th232, U238

Isotopeproduction PET \

case<-11, 18, ...

Heavyion reactions C,
Al,Pbin 100MeV range

Activity /Bq

Time /h

Schwoerer et al 2003




Time of Arrival (us)
lon Energy (keV)

natural abundance
natural abundance

(o] < [\ o~

(A) 1eubis 4o OREY | B9/ %

Collection plate

200 fs

Pronko et al. PRL 83 (1999) 2596
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In summary




Final remarks

Super intense laser irradiation: a novel excitiag/ mool
for nuclear physics

Experimental requirements: within reach of univgriavel
funding, not yet turskey operation

m Get to shorter wave lengths
m X-ray sources in the water window

Several demonstrations done, some may be moving to
practical applications

Niches for nuclear technology: no waste transmonabut
perhaps PET isotope¥lossbauesources

m [echnical optimization antayloring

m New poessible innovations: e.g. exploiting the time
resolution, breaking thattosecondarrier, ...




