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Context of laserContext of laser--cluster interaction studies:cluster interaction studies:
Relatively “new” field: 1994……...Relatively “new” field: 1994……...

Why Clusters?Why Clusters?…….of 10…….of 1044--101066 atomsatoms/cluster/cluster
! local density ≈ 1022 cm-3 (solid density)
! all cluster atoms in the same “uniform” electric field

(skin depth ≈ cluster size - 40 nm)
simplification allows a test of modelssimplification allows a test of models

Production of  Production of  •• multichargedmulticharged ions (up to ions (up to MeVMeV))
Connected to both plasma and cluster explosion dynamics

MechanismsMechanisms identified identified ;  Review paper: ;  Review paper: DitmireDitmire et alet al., Phys. Rev. A 53, 1996., Phys. Rev. A 53, 1996

Which studies?Which studies?
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•• hot electrons (up to keV)hot electrons (up to keV)Generation ofGeneration of
•• keV xkeV x--raysrays

Direct insight into the early evolution of the nanoplasma
Only qualitative measurements , Only qualitative measurements , 

Mechanisms of innerMechanisms of inner--shell vacancies?shell vacancies? …2002 controversial interpretations…2002 controversial interpretations



skimmerskimmer

Pulsed Cluster jet Pulsed Cluster jet 
((ArAr, Kr or , Kr or XeXe))

Laser beamLaser beam

Focusing lensFocusing lens

Wavelength :Wavelength :
IR(IR(8800 nm) or UV(400 nm)00 nm) or UV(400 nm)

Energy / pulse :Energy / pulse :
0 0 →→ 100 100 mJmJ

Pulse duration :Pulse duration :
50 50 fsfs →→ 1 1 psps

Laser intensityLaser intensity
10101515 →→ 10101717 W/cmW/cm22

Cluster size :Cluster size :
101044 to 10to 1066 atomsatoms

Density :Density :
10101414 to 10to 101818 cmcm--33

12+

1P1

3P1

Ar13+

Ar14+

Ar15+

Ar16+

Crystal spectrometerCrystal spectrometer
High resolutionHigh resolution

Si(LiSi(Li) detector) detector
High transmissionHigh transmission

Si(LiSi(Li) detector) detector
Low transmissionLow transmission

Experimental Set Experimental Set -- upup
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Advantage of the xAdvantage of the x--ray spectroscopyray spectroscopy

τ (1P1) = 15 fsMD-TOF ~ 0,5 µs
up to Arup to Ar16+16+

XX--ray Spectroscopyray Spectroscopy
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CChargeharge state distribution of ions with a K vacancystate distribution of ions with a K vacancy

1s2pnl -> 1s2nl transitions

up toup to ArAr10+10+

Ion SpectroscopyIon Spectroscopy
Ion charge state distribution in the plasmaIon charge state distribution in the plasma
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K Ionization

effectif  focal volumeeffectif  focal volume

Cluster explosion 
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The collision rate decreases
⇒ K shell ionization (nearly) stops
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2nd step :
Ecin(e-) = 4 keV 
ITh2 = 3.5 1016 W/cm2

V/V/VVfocfoc

R/RR/R0 0 ~ 3~ 3

1st step :
8 e- : ITh1 =  2.6 1016 W/cm2

ArAr8+8+

InnerInner--shell ionization model: the scenarioshell ionization model: the scenario (Ar)n clusters
τ = 130 fs

(λ = 800 nm)
Ipeak = 5 × 1017 W/cm2

P0 = 18 bar
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Some predictions:Some predictions:

Nvacancies = PP00
5/35/3 nOFI σ Ac

1/3 d-2 VVff (I(ITh2Th2))

= PP00
5/35/3 nOFI σ Ac

1/3 d-2 IIpeakpeak
3/23/2

scaling laws:

Nhν = ω ×Nvacanciesabsolute photon yield:

Argon

Ehν(eV) 3086

Nhν / pulse (theo) 6. 104

Nhν / pulse (exp) 7.104

IR; λ = 800 nm; τ = 130 fs
Ipeak = 5 1017 W/cm²
Po = 18 bar

example:example:
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Results : what we understand …Results : what we understand … ((ArAr clusters: Xclusters: XK K ))
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evolution with laser intensity

1015 1016 1017

scaling law with peak intensity : scaling law with peak intensity : IIpeakpeak
3/23/2

and constant mean charge stateand constant mean charge state
increases like the effective focal volumeincreases like the effective focal volume

the saturation regime is reachedthe saturation regime is reached
in in agreement with a agreement with a colcolllisionalisional picturepicture (e(e-- / ions)/ ions)

scaling law with pressure : scaling law with pressure : PP00
5/35/3

and the mean charge state increasesand the mean charge state increases
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Results : what do we need to understand (1) …Results : what do we need to understand (1) … ( X( XL L ))
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krypton clusters
9 mJ / 56 fs laser pulse

break of 
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3
0PN h ∝ν

3/5
0PN h ∝ν

• 1.0 mm dia. skimmer
• 0.5 mm dia. skimmer

Not in agreement with argon results!Not in agreement with argon results!

but P0
5/3 law assumes:

NNclustercluster∝∝ PP00
22

ωωLL constantconstant!!
………………..??..??
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Results : what do we need to understand (2) …Results : what do we need to understand (2) …
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ARGONARGON X(K)X(K)

KRYPTONKRYPTON
Same result 

Threshold ~ 1,3.1015 W/cm2 

but B(L) ~ 2 keV

X(L)X(L)

Very LOWVery LOW whatever the binding energieswhatever the binding energies !!
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Results : what do we need to understand (Results : what do we need to understand (33) …) …
Function of Function of laser wavelengthlaser wavelength

Some differences?Some differences?
e- oscillation : UUpp ((UVUV) < U) < Upp ((IRIR)  (/4))  (/4)

inverse Bremsstrahlung : EEee--((UVUV) > ) > EEee--((IRIR))

X thresholdX threshold
UVUV << IRIR

XX photonphoton yieldyield
UVUV ~~ IRIR

In agreement with
Ditmire et al. J. Phys. B (1998) 

for the XM photon yield
of Xe clusters
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XL Intensity ∝ λ-6

UV

IR

Kondo, Mc Pherson, Rhodes et al.
Exp: J. Phys. B, 30 (1997) 2707-2716
Theo : J. Phys. B, 34 (2001) 297-319

recently : J. Phys. B, 35 (2002) L461-L467
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UV/IR only 3!!!UV/IR only 3!!!

recent results recent results on Xon XLL photon photon yield…! with xenonwith xenon clustersclusters…yield…! …



XX--ray yield measurementsray yield measurements
easily 1012 hν/pulse (4π); quasi mono-chromatic

renewable Xrenewable X--ray source free of debris ray source free of debris ➟➟ potential applicationspotential applications

Summary and perspectivesSummary and perspectives

X-ray yield = f (Ilaser)
for for XX--ray ray production: production: IITThh in a large focal volumein a large focal volume
not not IIpeakpeak max in a small max in a small VVff ➟➟ X source optimizationX source optimization

Parameter control on the X-ray yield
ppresent theoretical descriptions fail resent theoretical descriptions fail ➟➟ mechanisms?mechanisms?

a strong effort is neededa strong effort is needed

……..other parameters..other parameters
XX--ray yield versus pulse durationray yield versus pulse duration
ccluster size distribution versus Pluster size distribution versus P00 , etc, etc………………..

……....a challengea challenge
reliable measurement of the Xreliable measurement of the X--ray duration…shorter than 100 ray duration…shorter than 100 fsfs??

➟➟ the issuethe issue at stake for applicationsat stake for applications
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