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Focusing the laser beam on a (slab) target
Repetition rate of PALS accelerated 500 x,
the real repetition rate ~30 minutes




Utilisation of pulsed kJ-class lasers
In science & technology:

Experiments with the plasma’produced on
solid-state and gas-puff targﬁts by

with matter

PALS is the Joint Research Laboratory between
IP and IPP of ASCR

Key facilities:
3-TW iodine laser system PALS
100-MW Zn soft x-ray laser PALS-X
25-GW hybrid laser SOFIA
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PALS partners

LASERLAB EUROPE |
# Access to the laser facilities,

Integrated Infrastrugture Initiative incl. PALS
(I°) project 6FP '
18 laboratories

4 years (2004-2007)

& The project includes:

Joint Research Activities:
ultra-fast optics

; a “id ultra-high power
14 Mil EURCLF Loy Fiz |ﬂ1|3| | incl. OPCPA
i e ok e Networkmg& |
LuL] LOA e . administration
. CELIA T ' ® Virtual Internet integrated
- CESTA CUSBO | -\o | e | laser laboratory

Training of students

ULF-FORTH

o .. _ In parallel:
AR e e e PALS Marie-Curie
WWW. laserlab -europe.net Training Site




VULCAN
Nd:glass, 6 beams, 1054 nm
TW beam line:
26kJ, 1ns,3TW
Sub-ps CPA module:

>100 TW
~10%° Wem on target



PETAWATT UPGRADE
October 2002
OPCPA module

423 J, 410 fs
1.06 x 1021 Wcm-2 on target




LULI 2000
Nd:glass

2 beams
2kJ, 1.3 ns

LULI 100 TW CPA line
Ti:Saphire (Nd3*)
300 J, 30 fs



LASER MEGAJOULE
CEA/CESTA France
Le Barp (Bordeaux)

Nd:glass (3m)
240 beams
1.8 MJ, 600 TW

2005-2010
~50 M€



NATIONAL IGNITION FACILITY (NIF)

192 beams
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PALS history and characteristics




PALS history and characteristics

Place of birth : MPQ Garching, Germany
Transfer to Prague : 1997-1998
Reassembling of the system finished in autumn 1999

Operational tests : November 1999 — May 2000
Launching : 7 June 2000
Users experiments since September 2000

Basic characteristics:

Pulsed single beam iodine photodissociation laser
Fundamental wavelength: 1o = 1315 nm (infrared)
Red, blue and UV harmonic beams

Pulse duration: ~0.4 ns
Output beam diameter: 290 mm

Output energy at 1o: 10J -1kJ



PALS unique features

- jodine gas laser, working wavelength 1315 nm
- laser of the highest energy in Europe
in a single beam configuration

6 gas laser amplifiers + 6 spatial filters
Main, auxiliary and diagnostic different-color beam lines

Schematic of the laser beam lines
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PALS target facilities
PALS target area

-




PALS target facilities

Unique twin target chamber

Achievable power density at the target > 107¢ W/cm?
Several different-colour laser beam lines

Both point and linear focusing optics available
Advanced equipment for ion and x-ray diagnostics
Arrangement for x-ray laser experiments

Equipment for shock wave studies



PALS laser hall




PALS main beamline

output end
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There are thousands of things one can do with a nanosecond
high power laser:

-XUYV spectrometry
-fusion related experiments
-generation of shock waves
-incoherent X-ray sources
-10n sources

-impact studies

etc

BUT the new science is to be sought either in the domain
of short wavelength or ultra short high intensity pulse

How to get into the domain of short wavelength?
Operate a sufficiently intense X-ray laser



PALS

Generic scheme of an x-ray laser experiment

X-ray laser be

slab target (Zn)

2 IR lasers beams
(preionisation + pumping)




working wavelength 21. 2
double-pass, saturated '
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Saturated double-pass XUV laser on Ne-like zinc
at 21.22 nm (58.53 eV)

Launched June 2001

' auxiliary beam
Optimised November 2002 y .

focusing lens
Experimental arrangement - ik &

cross-slit =
X-ray camera

monitor

half cavity 3%
assembly

_mainjeylindrical len§8 - .~

3

outside

main beam 600 J
auxiliary beam 1,5 J




Development of the PALS-X XUV laser

div. 3.5x5.5 mrad At div. 1x4 mrad
=10 ns At =50 ns
(2001) (2002)

focused beam
focal spot diameter ~50 um
(2004)

~280

Spherical mirror | XRL beam:
f=300 mm : 1350 x 4mrad = 5.5mm

Pulse duration 80 -100 ps
Beam energy 4-10mJ
Pulsed power 40 -150 MW

Brightness

> 3.1027 phot. s*' mm-2 mrad-2 Focal intensity ~ 4x101° Wcm-2



PALS

A users facility providing transnational access

25 users projects completed since IX 2000
12 new projects are ahead

— Time- and space-resolved x-
ray spectroscopy

Laser soft x-ray sources
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Contact XUV mic'r;)scopy

XUV ablati tudi
abiations Stucies  xuv interferometry of surfaces

| ‘C -— ; Neon-like zinc x-ray laser (21.2 nm)

the brightest XUV laboratory source ever
built in
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lon implan{ati'br; studies

SRS

Crater formation studie

Laser ion
sources

T, Multiframe laser interferometry

Shock wave studies
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Research programmes at the facilities

PALS terawatt laser system
Laser-matter interaction at focused power densities 1014 — 1016 W/cm?2
- laser-plasma dynamics
- ablation pressure studies (laser imprint smoothing)
- generation of shock waves (EOS studies at high pressures)
Development and applications of

- soft x-ray sources (XUV lithography, photo-etching, microscopy)
- laser ion sources (ion injection and implantation)

QSS plasma-based XUV lasers
Testing new laser schemes
Application of XUV lasers in science and technology

- interferometry, laser ablation & radiation damage studies ;’1

SOFIA

y
a / -
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Generation of fs pulses (OPCPA implementation)




Applications of the zinc soft x-ray laser

Nanometric x-ray interferometry of surfaces
11 July 2001

I+20

++10

-10
nm

1.5 um '

zero field perturbed surface relief map of the perturbed
surface at 50 MV/m

Fresnel grazing-incidence interferometer
(Zn laser, 21.2 nm)

Nanometric soft x-ray interferometry used for the first time for studies of pre-breakdown
processes on Nb-coated electrode surfaces in strong electric fields (the main limiting
factor at construction of charged particle accelerators).

Co-operation: LSAI (CNRS Orsay), IOTA (Univ. Paris Sud), CEA-SEA (Saclay)



XUV ablation studies with the PALS
XUV laser (April 2004)

Digital Instruments Nanoscope

X, y: 10 um/div
z: 150 nm/div

Al filter 0.4 um (50% attenuation)

N

IOP-Prague

AFM image of the crater
ablated in PMMA by a
focused beam of the PALS
XUV Ne-like Zn laser (21.2
nm).

To our knowledge, this was
the first observation of
material ablation and
plasma production with a
laser operating in the XUV
region (A < 30 nm).

Pictures made in the new
Nanoscopy Laboratory of IP
AS CR in May 2004.

PALS XUV Zn laser, single
exposure 200 pJ

AFM in the tapped mode.



Ablation of PMMA and polycrystalline Si by soft X-ray laser

Single XRL shot, 0.4 um Al filter Single XRL shot, no filter
focused energy ~100 pJ focused energy ~200 J

PMMA/JSi krater 1 sken B

Sharp edges of the crater: Melted structures at the crater edge:

ablation is predominant process involved ablation and melting involved
(irradiance below ablation threshold)



Studies of radiation stability of DNA

-1a First ever DNA radiation stability
Y :
beam tests in the soft x-ray spectral
region.
o I ~600 Nnm Single (SSB) and Double Strand

Plasmid: extrachromosomal dry Breaks (DSE) observed at radiation
form DNA pBS 189 doses of 10-100 kGy

Electrophoretical analysis of a
of a dissolved sample Number of breaks per plasmid
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Soft X-ray Contact Microscopy
(SXCM) of living micro-organisms

« XUV irradiation of samples + XUV spectroscopy
 developing of imprints on PMMA resists by etching
* AFM scanning of the etched relief

PALS 10 & 3w
point focus

Au, Mo, PTFE
targets

I >1014 Wem=2

The first SXCM
application

for multicellular
organisms.

72 samples 20x20 um

SXCIVI m*-vvo tres of theNetodae worm Caenorhabditis elegans



Irradiation cell for SXCM

PMMA resist

Silicon nitride

window \

latent
imprint




Details of C. Elegans
internal structures

SPIE 48th Annual Meeting
San Diego, Proc. Vol. 5196;

Laser & Particle Beams

Cell nuclei:

hypodermal nuclei neuronal nuclei muscle nuclei



OPTIMISATION OF LASER ION SOURCES

Generation of fast highly-stripped ions

in solid-target plasmas

at various

« target material (Al, Cu, Mo, Ag, Ta, Au)
* beam energies (80-750 J)

* beam colours (1o - 3 ®)

* beam incidence angles

« focus position (FP) => focal spot size)

In parallel: lon implantation
experiments
« implanted ions: Cu, Ag, Ta
« samples: PET, PEEK, kapton, C, Al, Si, Ti
» Rutherford backscattering analysis

of implanted samples

Participating Institutions:

IPPLM Warsaw, IPJ Swierk, INFN Catania,
Universita di Messina, INP Rez, Light lon
Technologies Bad Abbach, PALS

Optimum focal point position for ion

generation: FP
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Ta ion charge spectra from EIA

20
Ta, 3w, 155 J
15} E/Z = 20 keV
T 10|
0
.cl‘a.rge.“.“!“!“."..........................“ .......
45 40 35 30 25 20 15 10 5
2.8 3 3.5 4 5 6 8
time [us]
“0f Ta, 3w, 155 J
_ E/Z = 30 keV

amplitude

charge number
45 40 35 30 25 20 15 10

2.5 3 3.5 4 5
time [us]

Main results in general

 Several distinct groups of ions (by energy),
evidently created by different mechanism
and coming from different parts of the laser
produced plasma.

 High energy abundant group of ~ MeV ions
carries ~ 30 % of the energy in ions.

« Ultrahigh energy ions (> 22 MeV), not seen
in the EIA spectra, are witnessed by
nuclear track detectors.

* lon yield strongly depends on the laser
beam focusation geometry - maximum at a
slightly defocused beam (FP -0.2 mm).

» The maximum ion charge approaches
Z=50+ for Ta or Au ions.

 High-energy ion fluxes, inhomogeneous
(partially directional), ion current densities
> 1 mA/cm- (at a distance of 1 m)

« Efficient implantation of ions has been
demonstrated, in up to depths of several
hundred nm in metals, and several um in
plastics.
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Higher ionisation potentials of various elements
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Combined Moore, relativistic
Hartree Slater and Hartree Fock
calculations by J. Scofield,

LLNL

30 40 50 60 70 80

charge number

High energy jumps
between e-shells

Z2 dependence within
one shell

3-5 keV needed for
Z > 50+

Maximum ion charge
observed
at PALS:
Al 13+, Cu 27+
Ag 36+, Ta 49+,
(Au > 50+)
He-like ions : A<31

Ne- like ions: A<51
Ni-like ions : A<79

| Ta73+ --.Au79+
e
A 47+ ]
] |'
fﬁT
Cu2e+| [
f-l'.- I'd 11

escape recombination.

=> High-Z ions originate in localised hot-spots, produced by
non-linear processes (beam filamentation & self focusation).
Just ions accelerated in local virtual cathodes to high energies




Maximum ion energies E;/A at various laser power densities
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- Long- pulse lasers (Gitomer 1986)
10° £ =
- ps-lasers (Clark 2000)
S 10 4 sub-ns, ps & fs lasers (Zhidkov
S : ] 1999, Badziak 2003)
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processes (e.g. laser beam self-focusing)



Laser-induced shock waves

- Studies of equations of states of C and Fe at Mbar pressures
- Smoothing effects of foam layers

- Phase transitions at very high pressures _ _
Streak-camera image showing shock wave

Collaboration with Universita degli studi di structure in the layered target
Milano-Bicocca, 2002-2004 picture scale 1.3 mm x 5 ns
(D. Batani et al.)

shock-wave front
Stepped and layered targets
(AlI-Al, Al-C, Al-Fe, CH-C-foam)

I

Time-resolved (streak-camera) be?:n;it;cial

imaging of the self-emissivity of the
target rear.

=> Shock wave velocity
=> Shock pressure (Hugoniot data)

Shock (ablation) pressures up to tens of
Mbar can be reached at PALS.

- o
s e oA
= P
e

Infrared streak camera Hamamatsu C5680



Laser pulse

Shock wave front

Shock Wave Studies
June 2004

streak 5 ns x 1,3 mm

beam diameter

time



Laser pulse

Shock wave front

Shock Wave Studies
June 2004

streak 5 ns x 1,3 mm

beam diameter

time



Laser pulse

Shock wave front

Shock Wave Studies
June 2004

streak 5 ns x 1,3 mm

beam diameter

time



Foil acceleration I
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Time sequence of interferograms/shadowgrams of the accelerated Al foil
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The processed densitograms/contourgrams (T. Pisarczyk, IPPLM Warsaw)

The foil velocity at the central point P:  3.5-10° cm/s 6.2-10% cm/s
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Laser imprint smoothing

In a prepulse-
In a porous material produced plasma:
(foam):

--------------------------------------------------------------------------------------------------------------------------------------------

5l s,




Thermal smoothing by a double laser pulse
K. Masek, E. Krousky et al.

Pre-plasma produced by a defocused
infrared beam

(focal spot diameter 0.3 mm) “

LASER BEAM

]

Two hot spots generated by focused
blue beams delayed
by 0.5 ns.

Distance of the spots 0.2 mm.

Plasma expansion is studied by two
X-ray pinhole CCD cameras.

X-ray backlighting provides
shadowgrams of the dense plasma
regions.
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— . _ e :
delayed auxiliary beam Isin / infrared pre-pulse \

delyd blue main beams

, ot

X-ray
pictures

-® &
pinhole camera 1
Ay W

7’
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amber interior
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Second round of experiments just under way



A road towards a ultra intense multi petawatt pulse:
Futuristic vision of a full scale implementation of OPCPA on PALS
Calculations I. N. Ross, P. Matousek (RAL), B. Rus (Prague)

(D)KDP
1 kJ, 500 ps 20

iodine A=1.315 ym

preamplifier
(LiB;Os, lithium triborate)






SOFIA & OPCPA PILOT EXPERIMENT

NONLINEAR CRYSTALS

SOFIA = Solid-state Oscillator M/
Followed by lodine Amplifiers

OPCPA = Optical Parametric
Chirped Pulse Amplification /'L

Femtosecond source (OFC P/

A -
Ti:Sa Femtosource
Compact cM1 _—

(Femtolasers) ) _ N
pumped by a . DKDP

diode laser [/
Millenia Xs CONVERSION

(Spectra to 30
Physics)

Oscillator
MOPO - HF (Spectra Physics)
Pumping Nd:YAG
Quanta Ray PR0O-290-10

r<P

SOFIA

o H

A4 M

A1 lodine Amplifier
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& . PALS FUTURE

¥ When: ’?’?’? after a success of the
SOFIA pro;ect and a good luck with
K much more investment money
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