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PW-class lasers: MJ in nanosecond pulses: 106J/10°s =101°W

NIF is the world’s largest and most Laser Mégajoule plans to deliver about
energetic laser: 2.0 MJ, 192 beams 1.8 MJ of laser energy, 240 beams




HERCULES holds world records for the
highest focused intensity, 2x1022 Wcm-2
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The goal of FOCUS High-Field is to explore the ultra-relativistic intensity
regime of laser-matter interaction, and ultimately reach 1023 W/cm2,
by focusing about 15 J at 30 fsec (500 TW)
to a diffraction limited focal spot of about 1 micron



Chirped Pulse Amplification

D. Strickland and G. Mourou 1985
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Focused Intensity (W/cm*®)
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Ultra-Relativistic Optics

Eq=m,c?

Nonlinear QED: E-e-), = 2m,c?

Eq =myc?
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PemMTOCEKYHOHbIN na3sepHbin kKomnnekc OUBT

Femtosecond Terawatt Ti:Sapphire Laser System
800 nm; 40 fs; 10 Hz, to 10 TW

Focused intensity 101° W/cm?2

Terawatt femtosecond Cr- forsterite
laser system
1240 nm; 80 fs; 90 mJ; 10 Hz
(made in Russia)
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K, radiation of solids by short intense laser pulses
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1 - Off-axis paraboloid (focal length 254mm).
2 - Motorized target unit with target holder.

3 - System for interactive control of focus spot.
4 — \Von Hamos spectrometer

5 — Mirror (R=100%)

Dyje=14um

M. B. Agranat, N. E. Andreev, S. I. Ashitkov, A. V. Ovchinnikov, D. S. Sitnikov, V. E. Fortov, A.
P. Shevelko, Generation of Ka radiation by a forsterite terawatt laser, JETP Lett. 83, 72 (2006)

800 nm, 40 fs

Measurement of
the reflected pulse

Off-axis
paraboloid
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X-ray radiation using solid targets

K, radiation from Cu laser-produced plasmas
Cr:Forsterite laser system, w,, p-polarization,
E, =30 mJ, tr, =80 fs, 10'® + 10"" W/cm?

Optimization of K, x-ray yield
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The model calculation of K yield against pulse
energy in comparison with experimental data
received at IHED laser facility:

A=124 pm, 7 =80 fs,
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E,=E,[1+(1- f)]sing

. 2 2 -2
Typer =7.61, (4, sin” 0

df= 10 um, 8= 45°, Fe target

E, — driving, E, —laser field, f—absorption,
n=157,1, ,=1,/10'° W/cm? — laser intensity

There is a range of laser pulse parameters where K, yield is described by

vacuum heating mechanism

[1] Kostenko O.F., Andreev N.E. (2011) Plasma Phys. Rep. V. 37. P. 433.
[2] Agranat M.B., Andreev N.E., Ashitkov S.I. et al. (2006) JETP Letters V. 83. P. 72.



X-ray radiation using nano-structured targets

Fe clusters on Cu target

E,=3E, cosb,
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Enhancement of driving electric field at a cluster surface and favorable

conditions for K, photons to escape from the wafer lead to considerable
enhancement of K, yield




Comparison of the theory with measurements

Focal spot size

Fig. 1. Scanning
electron microscope
image of 1 yum
diameter polystyrene
spheres arrayed on a
Cu substrate [1].

Fig. 3. The nano-rods
(about 108 rods/cm?)
each of 500 nm in
diameter and about 1
4m of height, which
supported by the 8
#m thick Cu layer

[3].
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Fig. 2. Relative enhancement of K, yield
from Si wafer with 7, =2x10'7 W/cm?, A
= 0.4 ym and 6 = 45°. The experiment
[1] (blue line) and the theory [2] (red

line).

Fig. 4. K yield vs polished copper foil
thickness. Curve [ is for Brunel
distribution, and curve 2 is for
corresponding Maxwellian distribution of
hot electrons. 7; = 1.4x10'7 W/cm?, 6 = 45°,

A=08pum, 7, =40 fs, r,="7 um.

d—1I (&)cosy

The number of photons generated by an electron incident upon a foil of thickness dis N, = NyU / )

Y

where N, is the number of photons into 277 solid angle generated in a solid target by an electron of energy E,
[ (&) 1s the mean depth of K generatlon € = E/I,, where [, is the K-shell ionization energy, /, is the absorption
length for self-emitted K, radlatlon X 1s an angle of 1n01dence of the electron, U is a step functlon

rods.

Calculations for a Si wafer covered with spherical clusters (Fig. 1) exhibited satisfactory agreement with
measurements of the relative enhancement of K, yield in the range p = 14 (Fig. 2).

Measured relative increase in x-ray yield from the foil covered with metal rods of submicron sizes, with low
aspect ratio (Fig. 3), is best fitted by half-spherical clusters with diameter which equals to the initial diameter of the

Calculations with Maxwellian distribution of hot electrons (Fig. 4) reproduce well the relative increase of K,
emission with increase of the polished foil thickness.

[1] Sumeruk H.A. et al. (2007) Phys. Rev. Lett. V. 98. P. 045001.

[2] Kostenko O.F., Andreev N.E. (2010) Phys. Scr. V. 81. P. 055505.

[3] Ovchinnikov A.V., Kostenko O.F., Chefonov O.V., Rosmej O.N., Andreev N.E., Agranat M.B., Duan J.L., Liu J., and Fortov V.E. (2011) Laser Part. Beams V. 29. P. 249.
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eHepauus TeparepUioBOro U3ny4eHus

BO36y)K,D,eHVIeM BblTEKaOLEN MOAbl NSTA3MEHHOrO Cros noa AeNCTBMEM
NOHOEPOMOTOPHbLIX CUJ NTa3epPHOIro UMnyrsbca
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®ponoB A.A. leHepauus TeparepLoBOro U3ny4eHus npyu nageHnmn nasepHoro MMNynbca Ha crion paspexeHHow nna3mbl // ®usuka nnasmobl. 2010. T.
36. Ne 4. C. 347-364.



UccneaoBaHue onTUYECKMUX U TPAHCMOPTHbLIX CBONCTB
B LUWPOKOM Anana3oHe napamMeTpoB Na3epHOU nNnasmbl

Dielectric function in the relaxation time approximation
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Thermal and dc conductivities

*Boltzmann equation in linear approximation:
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Transport properties =

Vv = min(pmet, Vpl Vma:r)

Vmet — Al
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€ on melting
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Vur + kT, /m.
Vmax =
0
Az, mkm n E ey =n" =k | 59 = 2nk R

Cu 0.83 0.260 | 5.26 -27.60 2.74 0.964
Cu 1.24 0.433 46 -T1.38 7.33 0.976
Au 0.83 0.188 | 5.39 -29.02 2.03 0.975
Au 1.24 0.372 | 8.77 -T6.77 6.52 0.981

Handbook of optical constants of solids, E. Palik et al.
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Wide range approximations of transport properties

Dielectric function Thermal conductivity
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In the experiment the bulk aluminum target was heated by normal incident
laser pulse with intensity 104 W/cm?, laser wavelength 400 nm and full width
at half maximum (FWHM) 120 fs. Two probe pulses with FWHM 110 fs, 800
nm wavelength and angle of incidence 45- were used

Experimental reflectivity dynamics for the S- (blue triangles) and the
P-polarized (red squares) probe pulses. Corresponding simulation
results are pre-sented by the blue and red solid lines, respectively.
Dash-and-dot lines show the reflectivity changes for “frozen motion”
regime.

K. Widmann, et al., Phys. Plasmas 8 (2001) 3869-3872.

Reflectivity

0.0

Mikhail E. Povarnitsyna,*, Nikolay E. Andreeva,b, Eugeny M. Apfelbauma,
Tatiana E. Itina a,c, Konstatntin V. Khishchenkoa,b, Oleg F. Kostenkoa,
Pavel R. Levashova,b, Mikhail E. Veysmana Applied Surface Science xxx t, []}H}
(2011) xxx— xxx



CospgaHuve wmnpoKkoananasoHHbIX Moaenen TepMmoanHaMmn4ecKnx CBOMCTB
NSIOTHOIO ropsivyero BelecTBa C y4eTOM BO30OYXAEHUA 3NIeKTPOHOB
BHYTPEHHUX 3NIeKTPOHHbIX 000no4eK

PaboTa BbinonHsieTca B coTpyaHuyectse ¢ Jlabopatopumen Ne 1.7.1
(31) OMBT PAH — wunpokognanasoHHbIX ypaBHEHNW COCTOAHUS




YyeT 3aBUCUMOCTU NJIOTHOCTHU AJNIEeKTPOHHbIX COCTOSAHUU OT TeMnepaTtypbl BaXeH AnA
onncaHunda TepMmoaAnNHaAMNYECKUX CBOMWCTB BellecTBa aHaNIMTUYECKUMU MoAensiMun

[MNOTHOCTbL ANEKTPOHHbLIX COCTOSAHUIA ANA
TBepAaoTesibHOro antoMmMHuUA:
3aBUCUMOCTb OT TemnepaTypbl CyLlecTBeHHa!
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PaspaboTaHHan WwMpokoamnanasoHHasa KMHeTu4Yeckass Moaernb AN3NEKTPUYECKOM
NPOHMLIAEMOCTN € HaXOAUTCA B XOPOLLUEM COrfiacun ¢ AaHHbLIMU KBAaHTOBO - CTaTUCTU-
YeCKMUX pacyeToB NO MeToAy JIMHEMHOro OTKNINMKa B 0611acTu BbICOKMX TemMnepaTyp

Ao=0.4pm, p=pscta(1), psoia/3 (2), Psotia/10(3)
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anI OMNTUYECKUX HaCTOoTax U BbICOKUX TeMnepaTypax WWnMpokKkoamnana3oHHad KMHeTu-

YyeCKasd ModeJsib € XOpoLo corrfacyeTcs C KBAHTOBO-CTaTUCTUYECKON MOAEeNbIo.
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Femtosecond Laser System at JIHT
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’ Laser parameters
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WDM collaboration —
Atomic physics in dense environments

WDM produced by Intense Heavy lon Beams
and probed by Intense Laser Beams

X-ray probe beam
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PHELIX prepulse reduction by the foil in front of the X-ray target
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Transmitted intensity, (W /cm?)
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Laser Acceleration:

At 103 W/cm? , E= 0.6PV/m,
itis SLAC (50GeV, 3km long) on 10um
The size of the Fermi accelerator will only be one meter
(PeV accelerator that will go around the globe, based on
conventional technology).
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Expected potential

of laser — plasma acceleration of electrons

Electric field of plasma wave (with phase velocity ~ ¢, A,=2zc/®,):

maximum of accelerating gradient
in traditional accelerators (RF linac):
Egp~10-100 MV/m

Exponential growth of “the Livingston
curve” began tapering off around 1980
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/\| Electron-Positron Linear Collider

|P-detector

Electron main
linac

Positron main
linac

final
focus

final
focus

Damping ring(s)

Damping polarized y
ring (LWFA)

e" injector

e* target
(LWFA ) e"injector

Conventional technology:

» Current generation of future linear collider designs based on existing technology
(e.g., ILC): E,,,~ 0.5 TeV, gradient ~ 0.03 GV/m; ~30 km (~multi-$B).

» Higher energy collider with existing technology: 5 TeV = >100 km, > tens of $B

(=

e light infrast

ELI Grand Paris, April
Challenges  27th-28th 2009 E. Esarey



Laser plasma accelerator based concept
for a Laser Plasma Linear Collider

= |Injector techniques
= Staging techniques
= Bunch properties

= 10 GeV module

= Collisions, synchrotron losses, efficiency L ‘ el

C.B. Schroeder et al., AAC Proceedings 2008: Leemans & Esarey, Physics Today, March 2009 W. Leemans



Parameters and results of some experiments

& Short laser pulse b Short electron beam pulse

for standard LWFA scheme cz-Lz,lp/z
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Scheme of one cascade of the laser wake-field accelerator
Accelerated electrons
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B. Cros, et al. Schematic view of the experiment at the Lund Laser Center
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C._m‘i) Physical Restrictions on the Energy of
JIHT of RAS Accelerated Electrons in Laser-Plasma Accelerators

Maximum length of acceleration:

A

acc = Ldeph — 2(C _pv )
ph

Phase velocity: 1, =V, =0w/dk =c\1-@’ /@’ y,=1/1-V2/c’

2.2 2 _ 2 2, 1 _ 2 2 _1_
ke =we(@=0" -0, c¢=l-w, /o =1-n,/n,

for 1 um laser: at y,~100 & a~1, AW~ 10 GeV and L,,,= 1 m



(II-IE%) Wakefield generation by guided laser pulses
“— 1 > spectroscopic diagnostics of the wakefield

JIHT of RAS

- N un . us
E(I") = Z CnJO (kJ_nr)ﬁ kJ_n = —1 2
n=1 a ka_a
2 a
C,=——=Er)Jy(u,rlayrdr, J,(u,)=0
[a J(u, )] 0
Short intense laser pulse
| <G
034 |
Wakefield
02
= Diagnostic
< laser pulse
0.1
>
0.0
-0.1

Laser energy leakage:

[(z) = Iexp(-z/ Lp)

Laser pulse
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N.E. Andreev, et al, NJP, v. 12, 045024 (2010)



< mED

Of R

Energy spread in LWFA of short e-bunches

Electron bunch injection into LWFA at the maximum of accelerating field

Parameters of the laser pulse and electron bunch

‘e‘EL

a, = -10 yy=0/w,=50 E,=80mc L, = 0.1k
mcw
2 72
Emax ~ 2mc }/ph (Dmax
1,0 L |
2 aser pulse
le|¢/mc - PN AE|~2 2 2 kL d¢(§m])
a=|elA/mc’ ] ’ \ Vg ‘ ‘N mc j/ph p b0
‘N d
0,6 ’ N 5
] 4
0.4+ / \ . .
- ’ * without loading effect
0,2 v .
| inj ? \\ o
0 — AE/E,, =k L, =10%
02 bunch
0 10 ' 15

=k (z-V 1)

for L,= 1mkm (3fs!)



P Electron Bunch Injection

in Front of the Laser Pulse

I/lTJ?C)
OUBT PAH

Z /Ly = 0.000E400 05

Wake potential Laser intensity
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S 1 029
_ _ _ o
Ng 0.8 1=100, kr,=3.35, kp10—2.355I Los — S
= C.? E» o 0.075
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g’? e - -0.14
04 ¥ |
0.4 L 0. A | _ i - .
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. electron bunch = Wake potential ____Laser intensity _
0.0 —— — 0.0 L 0.29
02 L N — 02 wryY -
0 5 10 15 20 25 ;} ol @) |.| \0} 0 - 0075
&=k (V1) B - N\
For the velocity of injected electrons ‘ ' -0.14
. 5 4 5 0 2 4 6 8 10 12 14 16 18
Uy, = c\/l —m°c’E, <V, £ 035
AE 5 2y dp do +kab d’e d’o L, 1-p 5 /
2 7/ph p—b - 5 > = -V c
mc dginj d§ 2 df dginj LbO ﬂ — umj /c ph

Long low-energy electron bunch will be trapped and compressed in the wakefield

N.E Andreev., S.V. Kuznezov. Electron Bunch Compression in Laser Wakefield Acceleration.//
http://www.nuclear.jp/~icfa/GIENS/workshop papers/giens01.pdf: Giens Workshop Proceedings, June 24 - 29, 2001.




Electron Bunch Injection in Front of the Laser Pulse

trapping and compression

bunch injected in front of the laser pulse can be trapped and compressed in the wake field, if the condition
1/2
2 -2 2 2 4
_(0(5”):Einj/mc _[(1_7ph)(Einj/mc _1):| _1/7/ph

is fulfilled in the focusing phase of the wakefield

0 1 2 3 4 5 6 7 8 9 10
05 4—ap—dw 00 0L L L5
’ —— ¢ —b5 o
, | —v—1,=100| ¢ /O,o ®
h I 01 e
S p
w
2 y - 04
0,015 /
o
4 =
1E3 03 5
X 5/ - » =
< S
7 4
-02 5
E
o
o
0,1
. ..--'U-
e —
8 u E—, Y
8 9 10

N.E. Andreev, S.V. Kuznetsov, et al,
Plasma Phys. Control. Fusion, 52 (2010)



Electron Bunch Injection in Front of the Laser Pulse

energy spread at the end of acceleration

4
AE . 1 2 0~ 2 6 Einj 2 AE d’e
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7» =100, 30, and 10 marked by triangles, squares and circles respectively, and for three initial bunch lengths

L,, =100, 30, and 10 pum (solid, dashed and dotted lines respectively) for the laser wave length 4, =1pm
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C.B. Ky3HeL0B «YCKOpeHUe 35IeKTPOHHOr0 CrycTka, UHXXeKTMpyeMoro nepes rasepHbiM MMNYSIbCOM,
reHepUpyoLLUM YCKOPAIOLLYIO KUITbBaTePHYHO BONHY» «Pusuka nnasmei», T. 37, Ne3, C. 242-256. 2011.



Restrictions on the e-bunch compression

Initial emmitance and loading effect

0 2 4 6 8 10
0,05 - T - T - T - T - T 0,05
7., =100
0,04 - 0,04 P
2
S 0,03 4 0,03
5 Lpo=47um
R,,=33um
20,021 0,02 [l
o]
O
&, = lmmxmrad
0,01 0,01
0,00 - I - I - I - I - I 0,00
0 2 4 6 8 10
E, [MeV]
open symbols represent 3-D modelling triangles and squares without loading
results for the prescribed laser pulse effect, R ;=2 um; squares—without

influence of ponderomotive force.



Computer simulation by the code LAPLAC

‘ accelerated electron bunch \

the bunch has acquired an energy of 2.2 GeV with a narrow energy spectrum and low emittance 5.4 mm X mrad

54 . -5
0,020 4
4 -4
0,015
34 -3
g E g
= 00104 “
- 2 4 5 .:z:
0.005 -
14 i E
0 T T T T T T r . 0 0,000 d T v T v T T T A 1
0.00 0.05 0.10 0.15 0.20 0 500 1000 1500 2000 2500

L., E, MeV

The total trapped and accelerated number of particles in the bunch is about 25% of the injected electrons

E, =3 MeV L,=20,=47um 7y =37um I, =27x10"W/cm®* P, /P,=035

Q=10 pC Rpp=45um Tewnu = 3115 laser energy 2.25J  1n,(0)=1.1x10"cm™

L,= R,=~0.9um AE/E = 1%

N.E. Andreev, V.E. Baranov, B. Cros, V.E. Fortov, S.V. Kuznetsov, G. Maynard, P. Mora, NIM A (2011)

Ey, =41,,,0p,, =1mmmrad

rms



Results of modelling for different injected bunch lengths, charges and radii

q,,- PC 15 10 5 2,5
Ly, pm 71 47 24 12
R, 1m 45 33 45 33 45 33 33

Compression ratio | 0.031 | 0.035 | 0.019 | 0.026 | 0.0177 | 0.0244 | 0.0126

Compressed rms

length L,, um 2.25 2.54 0.93 1.26 0.42 0.58 0.15

Final rms radius

0.98 0.96 0.87 0.85 1.09 0.92 1.06
R,, um

Final density of
accelerated bunch 33 3.6 59 6.8 3.1 34 2.7
n,, 10'% cm

Trapped charge,

3.6 4.6 2.1 32 0.77 0.84 0.22
pC

Energy spread

AFJE. % 8.4 8.0 1.1 2.0 1.4 2.0 1.2
s /0

Normalized
emittance , g, 6.9 6.5 54 5.2 8.5 6.3 8.5
mm X mrad




T (z = 4.92 cm)

Laser pulse transmission in capillary at broken symmetry

—
i =
S
3 <
>;C>
“ .
=
!
S
-0.6 -0.3 0 03 0.6
OR/R
Silicon capillary, Reqp = 51um, linearly-polarized laser pulse with ry = 40um,
ro = 32#,111’ )\L — Oﬁgﬂm’ FWHM duration 135 fs, Rcap = 60um
circular polarization The angle between laser and capillary axis@ = 6 mrad

M.Veysman, N. E. Andreev, K. Cassou, Y. Ayoul, G. Maynard, and B. Cros, J. Opt. Soc. Am. B, V. 27, No. 7 (2010)



Ar/R=0.4, 0;,=15 mrad Ar/R=0.4, 0,=0

|al?

Silicon capillary, Reqp = 51pm,
R = 32um, A\r, = 0.63um, circular polarization




Experimental fluence distributions confirm the modelling results

Theory, z=49.5 mm experiment, z=49.5mm

Theory, z=48.5 mm

M. Veysman, N.E. Andreev, K. Cassou, Y. Ayoul, G. Maynard, and B. Cros, JOSA B (2010)



When can we reach 1 PeV ?: Suzuki Challenge(2)
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