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History of High Power Lasers!



LARGEST LASER: NIF (LIVERMORE)!

hohlraum 
capsule with 
laser beams!

Nd:phosphate glass!
NIF laser bay!

1.8 MJ @ 0.35 "m, 192 beams, 500 TW 



HiPER web site fron page!

http://www.hiper-laser.org 



FAST IGNITION FOR INERTIAL FUSION ENERGY 

•  Scheme: M. Tabak et al., Phys. Plasmas 1, 1626 (1994). 

•  Ignition mechanism: S. Atzeni, Jpn. J. Appl. Phys. 34, 1980 (1995) 

•  Ignition requirements: S. Atzeni, Phys. Plasmas 6, 3316 (1999); 

•   S. Atzeni and M. Tabak, Plasma Phys. Controll. Fusion 47, B769 (2005) 



- plasmas produced by laser intensities well above 1018 W/cm2   
- expected current of several MA  

FAST IGNITION 
basic ultraintense interactions and fast ignitor physics 

Application in fusion research (fast ignitor)! J.S.Green et al.,  et al., (2005) !

Need to investigate PROPAGATION AND ENERGY DEPOSITION  !
of fast electron beam inside the material!



LASER-PLASMA ACCELERATION 

L.A. Gizzi, A. Bacci, S. Betti, C.A. Cecchetti, M. Ferrario, A. 
Gamucci, A. Giulietti, D. Giulietti, P. Koester, L. Labate, T. 
Levato, V. Petrillo, L. Serafini, P. Tomassini, C. Vaccarezza, An 
integrated approach to ultraintense laser sciences: the 
PLASMON-X project, Europ. Phys. Journal - Special Topics, 175, 
3-10 (2009).!



CHIRPED PULSE AMPLIFICATION!

Strickland, D., and Mourou, G., Opt. Commun. 56, 212 (1986).!

Off-Axis parabolic mirror!

Intensity on 
target up to 1021 

W/cm2!

!L= 800 nm, "<<100 fs, E>1J!



FLAME LASER, LNF, Frascati, Italy 

Ti:Sa Crystal!

Cryostat chamber! Ti:Sa fluorescence!

•  Peak power 300 TW, Titanium Sapphire laser system 
•  Energy before compression @ 7 J 
•  Pulse duration @ < 25 fs 
•  ASE Contrast ratio @ 5.10-10 

•  RMS Pulse Stability @ 0.8 % 

Broad spectrum!

Far field !





PLASMA TRANSVERSE SIZE 10 µm to ≈ 1 mm 

EXPANSION VELOCITY ≈ 10 6  - 10 7  cm/s 

ELECTRON TEMPERATURE 100 eV  to ≈1000 eV 

ELECTRON DENSITY up to 10 24   cm -3 

ION TEMPERATURE ≤ T e 

ION DENSITY ≈ N e 



Plasma formation requires transfer of energy from the electromagnetic wave 
to the electrons of the target, via collisional or collisionless mechanisms.   

X-ray emission from laser-solid interactions occurs in a narrow layer at 
the critical density 

Atomic-physics issues can been investigated through X-ray 
emission using this simple interaction scheme 

Laser 





In general the spectrum consists of emission 
lines superimposed on continuum emission 

due to recombination or bremsstrahlung.  

! 

"max (nm) = 250 Te(eV )

! 

"max (nm) = 620 Te(eV )

Properties of continuum 
spectrum are linked to the 
energy distribution function 
of electrons in the plasma!



Ions are excited via collisions or radiation and decay giving rise to line 
emission. The power emitted per unit volume by a transition from a 

level  n to a level m in an optically thin plasma is: 

By choosing specific transitions and  assuming the correct equilibrium 
model, relative intensities of emission lines can be calculated from 

plasma macroscopic paramenter (temperature and density). 

Comparison of calculated intensity ratios with 
measured ones  is the basic approach to 

characterisation of physical plasma conditions. 

! 

Inm "1.6 #101 9 Anm Nn $Enm  watt/cm 3

dove Anm = 4.3 #107 gn gm fnm $Enm( )2 sec%1



Matching of experimental data 
with expected values yields 

plasma parameters (Te) and their 
temporal evolution 

EXPERIMENT: 

X-RAY 
SPECTROSCOPY 

MEASURE 
INTENSITY 
RATIOS OF 

SELECTED LINES 

+ 
INTERFEROMETRY 

 MEASURE 
ELECTRON 

DENSITY IN THE 
REGION OF 
INTEREST 

NUMERICAL SIMULATIONS: 
(MEDUSA, POLLUX, RATION, FLY) 

Calculate line ratios as a function 
of temperature and density 

EQUILIBRIUM MODEL 
LTE, Coronal of Collisional-

Radiative 



Simple equilibrium models (coronal or LTE) are rarely applicable to 
laser-plasmas due to the wide range of densities and temperatures 

Calculations in collisional-
radiative eq. require a 
large number of bound 
states to be taken into 
account, including the 
transition probability 
between all possible levels.  
Reabsorption (opacity) is 
also important for a 
correct prediction of line 
ratios. 
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Spectrum calculated for an Al plasma at an electron 

temperature of 600 eV at a density of 1020 el/cm3.  

SEE FLYCHK CODE - H.-K. Chung, M. Chen, W. Morgan, Y. Ralchenko, and R. Lee, High Energy Density Physics 1, 3 (2005).!



Experimental data 
Simulations (collisional-radiative 

modelling - RATION[1]) 

Hydrodynamic simulations  
(MEDUSA[2] 1D, POLLUX[3] 2D) 

[1] Lee et al., J. Quant. Spectrosc. Radiat. Transfer 32, 91 (1984)   
[2] Christiansen et al., Comput.Phys.Commun. 7, 271 (1974); Rodgers et al., RAL Report n. RAL-89-127, 1989 
[3] Pert G.J., J. Comput. Phys. 43, 111 (1981) 





PLASMA INTERFEROMETRY 

The phase difference map is obtained from the fringe pattern with FFT analysis (M. Takeda, H. Ia, 
and S. Kobayashi, J. Opt. Soc. Am. 72, 156, (1988),  L.A.Gizzi et al.  Phys. Rev. E, 49,  5628 (1994)), 
or with an original numerical technique based on Wavelet Transform (P. Tomassini et al.,  Appl. 
Optics, 40, 6561 (2001)) 

The electron density map is obtained from the phase difference map with an original algorithm 
based on Abel inversion extended to  moderate axial asymmetric distributions: P. Tomassini & A. 
Giulietti ,  Optics Comm. 199, 143 (2001) 

fringe pattern 

phase difference 

electron density 

Probe pulse 

't 

Plasma 



FROM PHASE SHIFT TO ELECTRON DENSITY 
Phase shift map can be extracted from an interferogram using 
FFT or CWT analysis. Electron density is derived from phase 
map using Abel inversion, under appropriate assumptions on 

the symmetry of the system.!

Distribuzione di fase a t=4.3 ns!
Max shift: 60 rad!

Densità !
elettronica!

t = 3.0 ns!

t = 4.3 ns!



LASER PLASMA INTERFEROMETRY vs. TIME 

DELAY OF PROBE PULSE CAN BE VARIED TO EXPLORE DENSITY AT 
DIFFERENT TIMES AFTER PLASMA HEATING!

t=3.0 ns!

200µm t=4.3 ns!



GAS-JET targets!

High density plasmas, up to 1020 electrons/cm3 can be 
achieved using supersonic gas-jet systems 

probe 
beam 

main 
pulse 

nozzle 

gas jet 



Geometry of beam propagation (He)!

#141255!

f/2.5!

200 "m 
T= +1.34 ps!



Geometry of beam propagation!

#141260!

f/2.5!

200 "m 
T= +2.33 ps!



Geometry of beam propagation!

#141267!

f/2.5!

200 "m 
T= +4.67 ps!

L. A. Gizzi, S. Betti, M. Galimberti, A. Giulietti, D. Giulietti, L. Labate T. Levato, P. Tomassini, P. Monot, T. Ceccotti, 
P. De Oliveira, and Ph. Martin, Tracking propagation of ultrashort intense laser pulses in gases via probing of 
ionization, Phys. Rev. E 79, 056405 (2009) 



LASER PLASMA ACCELERATION!

Laser!

200µm!

PROPAGATION AND CHANNELING!





Measurements in this spectral region are based upon Bragg 
diffraction from single crystals of known properties like Si, TlAP, 

KDP, ADP etc.  

n! = 2d sin"



Spectrum produced by an Al plasma produced by laser irradiation of 
a solid Al with a 3ns laser pulse at an intensity of 1014 W/cm2 
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Cooled CCD detectors are 
used for direct detection of 
X-rays giving a S/N > 1000 

Same spectrum produced by an Al plasma produced by laser irradiation 
of a solid Al with a 3ns laser pulse at an intensity of 1014 W/cm2 



Spectrum obtained using a cooled CCD detector 
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Emission from Si-XIII (He-like) e Si-XIV (H-like) 
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Emission from Cl-XVI (He-like)  from a  dolid CaCl2 target 

He-( (4.46Å))

He-#)
He-$)

satellites)

Laser plasmas with Q-switched laser pulses of moderate 
intensity can be used to achieve Helium-like emission 

from elements with atomic numbers up to Z=17.  



Lattice spacings greater that !25 Å, are only available from organic 
crystals and are quite difficult to use.  Grazing incidence gratings can 

be profitably used to achieve high resolution spectra in a flat field 
configuration.  

Grazing incidence mirrors can also be used as low-pass filters to 
reduce spectral contibution of shorter wavelength at higher orders. 



H e - l i k e C a r b o n r e s o n a n c e l i n e s 
( # 

H y d r o g e n - l i k e C a r b o n r e s o n a n c e l i n e s 
( # $ % 

Differently from Al, Si e Cl, in the case of C, given the lower 
atomic number, for the same laser conditions the plasma is 

dominated by H-like ions.  
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Heating of plasmas by laser pulses is a time-dependent process, 
often characterised by a non-stationary evolution. 

Temporal evolution of spectra can be measured using streak-cameras  
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HISTORY OF LINE RATIOS CAN BE MEASURED TO OBTAIN TIME-DEPENDENT CHARACTERIZATION 
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L.A.Gizzi et al., Letter on Phys. Plasmas 10 4601 (2003)!
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A "m SIZE SLIT CAN BE USED TO ADD SPATIAL RESOLUTION TO AN X-
RAY SPECTRUM IN ONE DIRECTION (1D) 

THE SLIT IS ORIENTED IN 
A DIRECTION PARALLEL 

TO THE SPECTRAL 
DISPERSION AXIS. THE 

SPATIAL RESOLUTION IN 
THE OBJECT PLASMA IS 

OF THE ORDER OF THE 
SLIT WIDTH (FOR LARGE 

MAGNIFICATION) 



EXAMPLE OF A 1D, SPACE RESOLVED SPECTRUM FROM A SOLID Al TARGET 
IRRADIATED BY A 3 ns laser pulse. 

LASER 



2D X-RAY IMAGING DEVICE 

• µm resolution!
• Wide spectral range!
• Easy to set up!
• Robust and reliable!

Pin-hole camera + position sensitive detector!

dph = 2.44! q 1+M( ) !x plasma = dph 1+1M( )
Optimum pin-hole diameter Spatial resolution 



Al target irradiated by a 12 ps laser pulse at an intensity of 1016 W/cm2, 
with a 25"m diameter focal spot 

Pin-hole camera shows different size of X-ray emitting region 
depending on X-ray filter. 
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-  generation of 
electrostatic longitudinal 
plasma waves!

-  non-collisional damping 
of waves or acceleration in 
phase (WF, SMWF, Pond. 
Acc. …)!

-  generation of so-called 
fast electrons;!

-  K-shell ionization of atoms of background target by electron impact; !
-  radiative transition  >  K-shell emission;!

FAST ELECTRON GENERATION AND k( EMISSION 

A. Rousse et al., Efficient k! x-ray source from femtosecond laser-produced plasmas. Phys. Rev. E, 50:2200–2207, 1994.!

Need to dicouple plasma X-rays from k-( X-rays from the bulk!



CONVENTIONAL PHC IMAGING 

•  X-ray imaging: M=11,  
•  spatial resolution 5 

"m; 

120 "m 



USE LAYERED TARGETS 

Fe 
10"m 

Ni 
10"m 

Cr 
1.2"m 

“Front”  
pin hole camera 

“Rear”  
pin hole  
camera 

Laser 100 fs; 0.6 J 

Optical  
spectroscopy 

Charged particle 
detector 

#5x1019 W/cm2 

WE USE LARGE AREA, MULTI-
LAYER METALLIC and METAL-
INSULATOR TARGETS 

Experiment performed at 
the 
Jena (IOQ) laser facility 
within the LASERLAB 
access.  



Direct X-ray Spectroscopy 
(no dispersion element) 

Spectral analysis of X-rays generated by femtosecond laser-plasma 
interactions is performed by using a low noise CCD array to measure the 
charge produced by each photon 

The X-ray flux incident of the 
CCD array is controlled to 
ensure that the average 
number of photons per pixel is 
much less than one. 
•  The image shows the 
result obtained with a Peltier 
cooled, 16 bits ccd array, after 
exposure to X-rays produced 
by a single femtosecond laser-
target interaction event. 



Algorithm 

Event identification 

Subtraction of local background 

Sum of charge over pixels of each event 

Histogram of events for each class (one 
pixel, two pixels etc. …) 

L. Labate et al.,   Nucl. Instr. and Meth. A. 495, 148 (2002) 



CCD CALIBRATION CURVE FOR SPS  

Calibration at higher (>2keV) energy was performed using radioactive sources!

T. Levato et al., et al., (2006)!



REDUCING THE PHOTON FLUX ON THE CCD 

If Nphotons/pixel <<1, energy of individual 
photons can be recovered ! 
Low-Z foils (CH, Mylar) are used to 
attenuate the signal to the required level 
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FULL SPECTRUM TAKING ALL PHOTONS 
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(X,Y) plot!

Energy resolved imaging!

(Y,E) plot!

(X,E) plot!

Cr K(!
Fe K(!
Ni K(!

Conventional “image”!
background!
noise!



K-alpha from each layer „resolved“ 

Cr 

Ni 

Fe 

LASER 

1.2 "m 

10"m 

10"m 

50 "m 



IMAGE AT OTHER X-RAY ENERGIES 

100 
"m 

SIMPLY SELECT THE REQUIRED SLICE OF PHOTON EVENTS  
(Y,E) plot! (X,E) plot!

L. Labate, E. Foerster, A. Giulietti, D. Giulietti, S. Hoefer, T. Kampfer, P. Koester, M. Kozlova,T. Levato, R. Loetzsch, A. Luebcke, T. 
Mocek, J. Polan, B. Rus, I. Uschmann, F. Zamponi, and L. A.Gizzi!
Experimental investigation of fast electron transport in solid density matter: recent results from a new technique of X-ray energy-
encoded 2D imaging, Laser Particle Beams, in press (2009). doi:10.1017/S0263034609990486 - Published Online by CUP 29 Sep 2009.!



HOW TO RECORD HUNDREDS OF IMAGES SIMULTANEOUSLY 
FOR REP-RATED LASER SYSTEMS SiMPLY USE LARGE 
FOIL TARGETS AND TAKE THE REQUIRED N. OF SHOTS: 

  Event must be reproducible 
   Laser must be stable 
    Target must be flat  
     … 
    USE LARGE ARRAYS OF  
    PIN-HOLES INSTEAD! 
        …. 

 



ARRAY OF IMAGES – SINGLE SHOT 
Images can been obtained at a range of intensity levels 

down to the single photon detection regime. 

1000 "m
 (on target plane) 

Single 
images 

Alignment 
pin-hole 60 
"m diam. 



PRELIMINARY DATA FROM PETAWATT EXPERIMENT 

Target: Ti 
The images show that a high-energy 
X-ray emission comes from a small 
spot while the Ka emission region 
exhibits a minimum 

~80mm 



SUMMARY/CONCLUSIONS 

•  Characterisation of laser plasmas requires simultaneous 
measurements of electron density and X-ray emission, possibly 
with temporal resolution; 

•  Plasmas produced by ultraintense laser pulse exhibit 
significantly different conditions, in which energetic electrons 
dominate over thermal electrons; 

• Electrons produce k( inside the target substrate – need to 
identify plasma emission from k-alpha emission; 

•  The single-photon detection technique can be used to obtain 
"m-resolution, monochromatic x-ray imaging; 

•  Extension to single shot measurement is possible using pin-
hole arrays and large area CCD arrays. 
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