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OUTLINE OF THE TALK

1- Context and objectives

2- Choice of plasma-based soft x-ray amplifier

3- 2D Fluid modelling + 3D ray-trace

4- The Bloch-Maxwell treatment

5- Stretched Seed Amplification

6- Conclusion
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IMAGING TRANSIENT PHENOMENA OR 
CREATING/EXCITING NEW STATES OF  MATTER

et al
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REACHING THE mJ/PULSE FRONTIER 

Coherent SXRL

Plasma,
WDM

Nagler, Nat. Phys., 2009

High Field

Young et al, Nature, 2010

Chapman et al, Nat. Phys., 2006; Ravasio et al, PRL, 2010

Test of fs imaging

Mancuso et al, N. J. Phys, 2010

QuickTime™ et un
décompresseur 

sont requis pour visionner cette image.

fs nano-
imaging

SSA 1
SSA

FLASH

HHG @30 nm

Incoherent SXRL
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1 µJ/pulse
H. Merdji-CEA, P. Zeitoun-LOA

WHAT IS THE MINIMUM ENERGY/PULSE?

Mancuso et al, New Jour. Phys, 12, 
035003 (2010)

10 µJ (1 shot)

QuickTime™ et un
décompresseur 

sont requis pour visionner cette image.

1 µm

Navicula perminuta

1,500 shots ´́́́ 15 µJ
~ 1015 photons22 mJ

A. Ravazio et al, PRL, 2009



ATTOFEL-2011 8

…AND ABOUT FEMTO-MAGNETISME ?

~1013 photons

LOA-CEA-LCPMR

?

~1015 photons required for recording hologram

YES
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WHAT IS THE BEST SOURCE PARAMETERS FOR 3D 
IMAGING OF NANO-OBJECTS 

� Wavelength: 4 - 40 nm
(spatial resolution + strongest diffraction)

� Energy: 10 mJ/pulse

� Duration:
Plasmas expand « slowly »
V ~ 0,1 Å/fs 
10 nm resolution � Dx~3 nm � DtDtDtDt � 300 fs

� Coherence: full spatial
temporal (Lc ~ l 2 / Dl )

� Dl/lDl/lDl/lDl/l ~10-4 to ensure interference to happen at high numerical aperture � 10 nm res.
� Polarisation: depends on experiment
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3 µm focal spot

lll l /5 rms

HIGH HARMONIC BEAMLINE WITH LOOSE FOCUSING

Gas cell IR antireflection 
coated plate

Al filter

Off-axis parabola coated with  B 4C/Si 

IR 60 mJ, 60 fs laser
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1 µJ (10 11) per 30 fs pulse
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l /20 rms

��������������

Gaussian, 
fully polarized

x 200

SEEDED SXRL WITH  GAS AMPLIFIER IS VERY WELL 
CHARACTERIZED

1 µJ

dl /l ~10 -5

5 ps
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SOLID AMPLIFIER DID NOT DELIVER ITS PROMISES

� Zeitoun et al, Nature 431, (2004)
Seeding gas amplifier
1011 photons/pulse (~ 1 µJ) - few ps
Fully coherent, l /20 rms and polarized

� Wang et al, Nature Photonics, 2 (2008)
Seeding solid amplifier
1010 photons/pulse (~ 0.1 µJ) - 1 ps
Fully coherent

� T. Ditmire et al, Phys. Rev. A, 1995
Weak amplification (´ 3)
ASE ~ 1,000´ seed

QuickTime™ et un
décompresseur 

sont requis pour visionner cette image.
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COLLISIONAL PUMPING :  QSS VS TCE

Ditmire’s exp.

Wang’s exp.

QSS=quasi-steady state

TCE = transient collisional excitation

plasma gain Q
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SEEDING MODELLING AND GEOMETRY

� Issues to solve:
� Pulse duration, temporal structure
� Energy/pulse,
� beam shape, divergence, homogeneity
� coherence, wave front
� polarization

I(n,Z) = I(n,Z=0)exp(Gn´ L)
+

L

GEOMETRY AND ISSUES FOR HHG AMPLIFICATION

J(n)[exp(Gn´ L)-1]
Amplification of self-emission

q

I(n,Z=0)
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OUR STUDIES ARE SUPPORTED BY ELABORATED CODES

ARWEN
2D hydrodynamic code

ARWEN
AMR

Boxlib (LBNL)

Hydrodynamics
Radiation
Transport

Electron
Thermal
Conduction

QEOS EOS
JIMENA  (Op)

Visualization:
SkppmRay-Tracing 

laser

Gain 
PostprocessHDFIonisation 

temporelle

spatial

temporal
Time-dependant 

Bloch-Maxwell

3D ray-tracing

Oliva et al, Opt. Lett., 2009

Oliva et al, PRE. 2010

SHADOX2.0

DeepOne
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Wang et al, Nature Phot. 2 (2008)

OUR HYDRODYNAMIC CODE HAS BEEN BENCHMARKED

Oliva et al, Opt. Lett., 2009

3030Focal width (µm)

< 75~ 60Output Energy (nJ)

1.82.3Saturation fluence (mJ/cm2)

~ 60< 60 Gain (cm-1)

EXPERIMENTMODELLING

Focal width

30 µm focal spot

IR laser

10 µm

5 mm

HHG

targetplasma
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ENLARGING PLASMA WIDTH IS VERY BENEFICIAL

30 µm 
focal spot

200 µm 
focal spot

2 mm

5 mm

50 µm 

1 mm 
focal spot

20-40 µJ/pulse is the maximum reachable energy in seeding geometry
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30 µm focal width 75 µm focal width

3D RAY-TRACE EXPLAINS SOME BEAM FEATURES

For focal widths below 75 µm, the beam is expected to be of poor quality

3

3

Z 
(m

m
)

0
Z (m

m)
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TRANSVERSE LASING PREVENTS FROM REACHING E>40 µJ

� Intensity of short pulse laser has been thus reduced by 50%

ELASER ~ 40J

40 µJ is achievable… as an upper  limit



ATTOFEL-2011 21

1- Context and objectives

2- Choice of plasma-based soft x-ray amplifier

3- 2D Fluid modelling + 3D ray-trace

4- The Bloch-Maxwell treatment

5- Stretched Seed Amplification

6- Conclusion



ATTOFEL-2011 22

TIME-DEPENDANT TREATMENT REQUIRED WHEN SEEDING 
LONG LIVING PLASMAS

• Pulse duration after amplification?
• Parameters for optimizing Eseed/EASE?
� Multi-scale modelling

T. Ditmire et al, PRA, 1995

QuickTime™ et un
décompresseur 

sont requis pour visionner cette image.

Amplified seed
coherent

<1 µJ

ASE
incoherent

~ 5 mJ

Seed 200 fs (20 fs)

ASE i.e. amplified stochastic 
noise
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Reduced time

TIME-DEPENDANT BLOCH-MAXWELL EQUATIONS

Spontaneous emission Depolarization by collision

O. Larroche et al, Phys. Rev. A 62 043815 (2000)

I. Al'Miev et al, Phys. Rev. Lett. 99 123902 (2007)

C. Kim et al, Phys. Rev. A 80 053811 (2010)

Slow varying envelop
Paraxial approximation
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“DeepOne” BLOCH-MAXWELL CODE

21.2 nm

Free-bound 
collisions

radiative

others

simplified Ne-likeZinc

N0 (1s22s22p6)

N1 (2p53s) J=1

N2 (2p53p) J=0others
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PHYSICS OF SEEDING AT A GLANCE

High harmonic seed
ASE
wake

Wang et al

Plasma: TCE,
30 µm focal width
� Ne = 1.2 x 1020 cm-3

Seed: 50 pJ in-band, 20 fs

Output
� HHG out: 0.15 nJ (x3) 
� Wake= 44 nJ (95%) ; 500 fs
� ASE=0.05 pJ
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High harmonic seed
ASE
wake

Plasma: TCE,
100 µm focal width
� Ne = 2.2 x 1020 cm-3

Seed: 15 nJ in-band, 200 fs

Output @ 2.5 mm
� HHG out: 1.5 µJ (x100) 150 fs
� Wake= 0.2 µJ
� ASE= 0.05 nJ

HHG SEED MUST FIT THE PLASMA RESPONSE
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SEEDING VERY LARGE PLASMAS IS RATHER COMPLEX

10 nJ

100 nJ

Plasma: TCE,
1 mm focal width
� Ne = 2.2 x 1020 cm-3

Seed: XX nJ in-band, 200 fs

Output @ 4 mm

0.1 nJ
1 nJ

tseed = 5 ps

Time (ps)

Time (ps)

L= 0.5 mm
(0.1 nJ)

G
ai

n 
(c

m
-1

)

In
te

ns
ity

 (
W

cm
-2

)

In
te

ns
ity

 (
W

cm
-2

)

5 8

tseed = 8 ps

In
te

ns
ity

 (
W

cm
-2

)

ASE
� length

Wake
� saturation
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PRE-AMPLIFIER IS REQUIRED FOR VERY LARGE PLASMAS

100 µm plasma
Seed: 200 fs, 50 nJ 
Length: 2.5 mm

1 mm plasma
Seed: 130 fs, 1.6 µJ 
Length: 1.5 mm
output: 120 fs, 15 µJ
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� Our model is in good agreement with experiment.
� Seeding is too weak (no focusing)
� ASE saturates the plasma and extracts most of the stored energy.

THE DITMIRE’s ET AL EXPERIMENT
In

te
ns

ity
 (

W
cm

-2
)

Time (ps) Posi
tio

n a
lon

g p
las

ma (
mm)

QuickTime™ et un
décompresseur 

sont requis pour visionner cette image.

(Z)

HHG: 0.5 nJ, 0.2 ps seed unfocused
SXRL: Small-signal gain ~20 cm-1

500eV, 2´ 1020cm-3

Seeded SXRL: 11µJ
ASE: 5 mJ
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INTENSE SEED DOES NOT LEAD TO SIGNIFICANT 
IMPROVEMENT

Time (ps) Po
sit

ion
 (m

m)

HHG: 100 nJ, 200 fs, focused

Seeded SXRL: ~20µJ
ASE: 5 mJ
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QuickTime™ et un
décompresseur 

sont requis pour visionner cette image.

WHY DIRECT SEEDING OF QSS PLASMA IS INEFFICIENT?

seed 
0.5 nJ
200 fs
(Ditmire et al)

G
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cm
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W
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Duration (ps)

1% of stored energy transfered to the seed
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GAIN REVORING VERY FAST TRANSFERS MOST OF THE 
ENERGY ON ASE

QuickTime™ et un
décompresseur 

sont requis pour visionner cette image.

FAST GAIN RECOVERY TRANSFERS MOST OF THE ENERGY 
ON ASE

seed 
0.5 nJ
200 fs

G
A

IN
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)

20
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(W
cm

-2
)

Duration (ps)

0 50
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1- Context and objectives

2- Choice of plasma-based soft x-ray amplifier

3- 2D Fluid modelling + 3D ray-trace

4- The Bloch-Maxwell treatment

5- Stretched Seed Amplification

6- Conclusion and perspectives
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12 mJ

• Self-seeding (ASE) 

• HHG seeding

But
1% spatial coherence;

600 times the Fourier-Limit

Full spatial coherence

Full temporal coherence

l /20 rms wave front

But <40 µJ

100 ps

I ( z, t ) = E (z,n )
-¥

¥

�
2

e- 2 ipnt dn

Without phase relation between the spectral components, it is impossible to recover the Fourier-limited duration 
or even infer the pulse duration. � Pulse duration of ASE soft X-ray lasers cannot be modified

UNLOCK SEED AMPLIFICATION IN LONG LIVING PLASMAS

Today, the only phase locked, temporally coherent seed are the HHG
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QuickTime™ et un
décompresseur 

sont requis pour visionner cette image.

STRETCHED SEED AMPLIFICATION FITS GAIN DURATION

seed 
100 nJ
200 ps
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AGAIN STRONG SEED IS REQUIRED 

QuickTime™ et un
décompresseur 

sont requis pour visionner cette image.
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10 mJ FRONTIER IS AT HAND REACH 

Direct seed (Ditmire et al)

ASE (Ditmire et al)

ASE with stretched seed

´ 1,000

:1,000
10 µJ

Stretched seed
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COULD WE MANIPULATE SOFT X-RAY LASER DURATION? 

I (z, t ) = E (z,n )
-¥

¥

�
2

e- 2 ipnt dn

E(z,n) = E0(z,n)e- ij (z=0,v)e- ij (z,v)

Initial phase introduced by the HHG seed Phase acquired during the amplification

j (z,t) =
- (

n - v0

Dn
)

1+
2(n - v0

Dn
�  
�  �  

�  
�  �  

2 s eGL

(assuming Lorentzian spectral shape)
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QuickTime™ et un
décompresseur 

sont requis pour visionner cette image.

PHASE INTRODUCED BY THE HARMONIC SEED

Phase variation measurements performed by using a platinum-coated grazing-incidence 
mirror (dashed curve) and the broadband XUV mirror at normal incidence (solid curve).

HHG: 
Dl/l ~10-2

Laser XUV:
Dl/l ~10-4

Df laser XUV << 1 as

Morlens et al, Opt. Lett.
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PULSE DURATION WITH FULL PHASE CALCULATION

Pre-amplifier

Main-amplifier
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Pre-

High Gain
(transient scheme)

Low Gain, High E (QSS)

STRETCHED SEED AMPLIFICATION

HHG

IR LASER

10 J

100 J

T~ 50 %
(conical mount)

6 mJ
~ 200 fs12  mJ

~ 200 ps

1 µJ,
20 fs

e-, 
proton
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EN EFFICIENT GRATING GEOMETRY

« It has been theoretically shown and experimentally measured that the efficiency in the offplane
mount is close to the reflectivity of the coating [22-26], »

Optical concept of a compressor for XUV pulses in the attosecond domain
Fabio Frassetto, Paolo Villoresi and Luca Poletto
28 April 2008 / Vol. 16, No. 9 / OPTICS EXPRESS 6652
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High Gain (transient scheme)

HHG

IR LASER

10  J

T~ 50 %
(conical mount)

0.2 mJ
~ 200 fs

0.5  mJ
~ 20 ps

DOWN-SCALED VERSION OF STRETCHED SEED 
AMPLIFICATION
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CONCLUSION

- Direct seeding:
• transient plasma: ~ 40 µJ (tbc with 90 nJ), 150 fs

- Full spatial and temporal coherences
- short plasmas to prevent from strong wake

• long lifetime plasma: ~ 20 µJ with 5-10 mJ ASE
- weak spatial and temporal coherences

- Streched Seed Amplification
• 12 mJ, 200 ps    - Full spatial and temporal coherences
• 6 mJ, ~ 200 fs - Full spatial and temporal coherences

I ~1020 Wcm-2

10 Hz (diode pump)

effic
ient

ineffic
ient

Very 
effic

ient



ATTOFEL-2011 45

THANK YOU
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WHAT ARE THE GOOD SXRL PARAMETERS?

+++

linear

+++

-

(+/-)

+++

plasma

+++

linear

+++

+++

++

+++

High field

+++++++++Wave front

-Circular for 
magnetism

Circular for 
magnetism

polarization

- / +++++++++
(-)

Spatial 
coherence

+++ / -++++Temporal 
coherence

100 fs
(+)

100 fs
(+)

100 fs
(+)

duration

depends10 mJ1-10 mJenergy

interferometryholographyimaging
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GENERATING TEMPORALLY PURE AMPLIFIED HHG

High harmonic seed
ASE
wake

Oliva et al, submitted to PRL

Plasma: TCE, 100 µm focal width

Seed: 15 nJ in-band, 200 fs

Output
� HHG out: 1.5 µJ (x100); 150 fs
� Wake= 0.2 µJ (10 %)
� ASE=0.05 pJ
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w+2w; f20w; f 60

HIGH HARMONICS DEMONSTRATED l /20 rms WAVE FRONT

G. Lambert, Opt. Exp. 2009
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SEEDED SOFT X-RAY LASERS HAVE GREAT 
POTENTIALITIES

My aim for ELI-beamline… achieve 10 mJ / 100 fs

E. Oliva et al, Opt.. Lett., 2009 22 µJZeitoun et al, Nature, 2004

Wang et al, Nat. Phot., 2008

1 µJ

0.1 µJ
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PLASMA TAILORING ENHANCES PUMPING EFFICIENCY

1D hydro

1.5D hydro

2D hydro

� Small plasmas are not energy saver
� 20 µJ is reachable with 1 mm width plasmas


