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Outline

® Nanoplasmas
* motivation and pure Coulomb explosions

® Shock shells and the control of cluster explosions
* double pump technique

® Kinetics of the expansions/explosions of spherical
hot plasmas

*expansion/explosion

® Summary
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laser sources
IR technology: VUV/x-ray technology:
e wavelength ~ | um e wavelength ~ | — 100 nm
* pulse duration ~10 fs — | ps e pulse duration as low as 10 fs
e intensity up to 102! — [022W/cm? e intensity up to 10'®8 — 10'9W/cm?
e spot size at focus ~ 20 pm e spot size at focus ~ 50 nm — | Pm

targets

gaseous targets solid targets

radiation can propagate through — e radiation cannot propagate through
medium cluster jets medium
poor energy absorption "= * medium/high energy absorption
nm-pPm size plasmas
wpe < WL . wpe > WL
npe < Tk target density npe > ncr

underdense tabletop neutron sources overdense

ion acceleration (keV - MeV : :
( ) ion acceleration (+MeV)

electron acceleration nucleosynthesis

x-ray production
(keV and long lived sources) fast ignition for nuclear fusion




@ Ultra intense lasers [IR] in cluster/nano-sized targets

% very fast (tunnel) ionization/hot electron
population = nanoplasma (T. Ditmire)

%* quiver motion of e- comparable to target size

% Ability to control properties of target/ design
targets for radiation generation/ ion acceleration

Vil 2[4 bamecamy 004 ok 10,108 £ mubura 04002 oainte

LETTERS |

Laser-plasma acceleration of quasi-monoenergetic
protons from microstructured targets

H. Schwoerer', 5 Plotenhauer’, O, Jackel’, K-U, Amthor', B, Liesfeld', W, Ziegler', R. Sauerbrey",
K. W, D, Ledingham™™* & T, Esikepov*®



Interaction of lasers with sub-mm scale solids 'ﬁ

THE PHYSICS OF FLUIDS VOLUME 7, NUMBER 7 JULY 1964

On the Production of Plasma by(Giant Pulse Laser%

JouNn M. DawsoN

Plasma Physies Laboratory, Princeton University, Princeton, New Jersey
(Received 10 October 1963; final manuscript received 10 March 1964 )

Calculations are presented which show that a laser pulse delivering powers of the order of
to a liquid or solid particle with dimensions of the order of 1072 em will produce a hot plasma wi
temperatures in the range of several hundred eV. To a large extent the plasma temperature is held
down by its rapid expansion and cooling. This converts much of the energy supplied into ordered
energy of expansion. This ordered expansion energy can amount to several keV per ion. If the expand-
ing plasma ean be caught in a magnetic field and its ordered motion converted to random motion
this might be utilized as a means for filling controlled thermonuclear fusion devices with hot plasma.
Further, it should also be possible to do many interesting plasma experiments on such plasmas.

I N. G. Basov and Q. N. Krokhin, in Proceedings of the
Conference on Quantum Electronics, Paris, 1963,

? A. G. Engelhardt, Westinghouse Research Laboratoeries
Report 63-128-113-R2.

L. O.Silva | Trieste, ICTP, 13 August 2007 | Summer College on Plasma Physics




Radiation-cluster interaction: dynamic picture [l

Ro~ 0.1 - 100 nm

Initial cluster radius
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Radiation-cluster interaction: dynamic picture [l

o . ~ - 100 nm
Radiation hits cluster
uster radius

(>G\ao~ IO-3' IO-4 ao~0.0| - IO

X E 100 ) Sy _

CE 1005 eV 10KV 22~ Ipm

X Tiaser ~ 100 fs Tiser ~ 10 - 100 fs
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Radiation-cluster interaction: dynamic picture [l

Electrons heated/ejected

~ - 100 nm
uster radius
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Radiation-cluster interaction: dynamic picture [l

lon sphere expands/
explodes

Radius of cluster is critical

Maximum energy of ions
(for homonuclear D clusters)

E .. [KeV] =6 n,[10*2cm™| R;[10 nm|
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Expansion or explosion? [IR light]

100 nm

0.1 nm

Radius of cluster and radiation intensity (ao) are the critical parameters

Cluster radius (Rp)

H)’d rodynamic expansion * 8= c/w,,.= electron skin depth
Dynamics determined by T =clw, arcsin(a0/1/1 +a; ):
electron pressure _ , ,
= e- quiver amplitude

Ee << 6e << RO
Ee >> 6e >> I:)\O

Coulomb explosion

Dynamics determined by
electrostatic field

Radiation intensity (a,)

0.0l |0
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Coulomb explosions of nanoplasmas
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Dynamics of a pure ion sphere

If all electrons are instantaneously stripped from cluster: sphere of ions

1.5 — . . . .
ion density \ ame — ; i 5

Velocit{/

o
o

o pasespce |

5

Radius

10

0 2 4 6 8 10 12
Radius
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Theoretical model provides relevant information !ﬁ

. . [ = t/Ro, T = tfto, Q(r) = N(r)/No ta= ’“;‘?]
d?r
m@ = eF(r) e——eNewton’s equation of motion
1d ( 9 E) Spherical symmetry
- eu = 4ﬂ-en(r) e Poisson’s equation RO = initial cluster radius
r2 dr Q(r) = charge enclosed in a sphere of radius r
{normalized to total charge in the cluster)
P> eN(r) r0 = initial position of ion
) 2 ) v0 = 0 = initial velocity of all ions

[If no ion overtaking then @ (r(ro,7)) = Q(TG)J

d(v*/2)

d = —Qn(‘-‘"ﬂ)di (1) %’UE = Qo(r0) [i - 1]
T T\T

To T

£ = r/mo g ‘/2%(%)\/ -1 /e /E T+ 1o

dr

NI ENETE
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Energy spectrum of pure Coulomb explosions

0 0.2 0.4 0.6 0.8 ‘

Energy —
N,
[5"’ - EROD B 4; ”“EERgJ

L O.Silva | Trieste, ICTF, |13 August 2007 | Summer College on Plasma Physics



Shock shells and control of nanoplasmas
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Can the plasma expansions be controlled? Il

strong influence of electron dynamics laser features determine amount
on the expansion [1,2] of energy delivered to electrons

possibility of controlling plasma expansions using
appropriately-shaped laser pulses

applications requiring accurate expansion control:

- production of intracluster nuclear reactions, via generation of large-scale shock shells [3]
- three-dimensional imaging of biological samples through diffraction
of ultrashort x-ray pulses [4]

[I] F Peano, R.A.Fonseca, and L. O. Silva, Phys. Rev. Lett. 94,033401 (2005).

[2] F. Peano, F. Peinetti, R. Mulas, G. Coppa, L. O. Silva, Phys. Rev. Lett. 96, 175002 (2006).
[3] F Peano, R.A.Fonseca, J. L. Martins, and L. O. Silva, Phys. Rev.A 73,053202 (2006).
[4] R. Neutze et al., Nature 406, 752 (2000); H.WVabnitz et al., Nature 420, 482 (2002).
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Shocks occur when the initial density profile is nonuniform [1]
0.3 ' -
uniform density profile:

. : 10.8 ©
 Force is maximum at the boundary > 0.2; L
e No overtaking between ions S £
U ' :

expansion is uniform % 1 > L

Radius
nonuniform density profile: 0.3 ' ) e

e force is maximum within the cluster o T3k %
. . . @ o
e inner ions overtake outer ions = 0.4 =
Q.94 ko)
U e

shock shell form 0 ' 0

0 T a2 3
[1]A.E Kaplan et al, Phys. Rev. Lett. 91, 143401 (2003). L. O.Silva | Trieste, ICTP, 13 August 2007 | SaumIrHeSr College on Plasma Physics




Shock shell structure
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multi-branched profiles in phase space:

vertical é density singularity

: i tangent (caustic)

lon density
o S
|

horizontal i singularity
10} : tangent in energy spectrum
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Particle-in-cell simulations

Solving Maxwell’s equations on a grid with self-consistent
charges and currents due to charged particle dynamics

State-of-the-art B

® o ~ 10? particles
o 99 [ | ~(500)3 cells
g
@ P00 © RAM ~ 0.5 TByte
o0 ® ®lee Run time: hours to months Tie:st G¥Epel
£ Data/run ~ | TByte
® O
® o® ® N
Q@ | © One-to-one simulations of plasma
@ () (¢
based accelerators & cluster
dynamics

Weibel/two stream instability in
astrophysics, fast igniton

Particle-in-cell (PIC) - (Dawson, Buneman, 960’s)
Maxwell’s equation solved on simulation grid
Particles pushed with Lorentz force




osiris 2.0

osiris.framework

v2.0 - |Massivelly parallel particle-in-cell code

Visualization and data analysis

infrastructure

Developed by the osiris.consortium
= UCLA + IST + USC

New in version 2.0
Bessel/Hermite-Laguerre beams

LR R

S R R
. TS L

Relativistic binary collisions module

i

Impact and tunnel ionization (ADK
model)

INSTITUTO
SUPERIOR

fast ignition

TECNICO +| Dynamic load balancing F s . i
Parallel I/O o

Advanced particle tracking
High-order deposition schemes

Weibel instability in astrophysics




Laser:

* Ao = 820 nm
® Tieer = 35 fs
*a; =2

Cluster:

* Ry, =32 nm

*nyg=4.5 1022 cm-3
Simulation box:

L =820 nm

e 336 x 336 x 336 cells
Particles:

* N =4.75 10° part./species

I/
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e dynamics leads to formation of very small scale shock shells !ﬁ

__initial dimension of cluster
t=37"fs x10° t=751s x 10°°
6+ o 100 6-

N — | B - 5

o c o) =

o O > e 0 >

G ) B SOV g

G o o

61 = -6 o
1

3 4 4
-4 -4 -4 -4
y[R,] X [Ry y[R,] X R
0.015¢ '
= Sy t=751s A |
K SPPRLETLY AR Small scale shock shell
== B mall scale shock she
Q

> 0.005 y - .
/ Intra cluster relative
A velocity of ions is very

00 2 4 6 8 small
Radius [RO]




How: to induce and to control large scale shock shells !ﬁ

using sequential pulses

Double pulse technique

‘ A weak radiation pulse drives a slow hydrodynamic expansion

leads to smoothly decreasing plasma density profile

After a time delay At, a strong radiation pulse removes/strongly
heats all the electrons from the cluster core

* First expansion in the hydrodynamic regime | Vexp, = \/ kgT./m;

kgT, ~Lﬁ, n~10" cm”

Laser energy transferred to e- in length L, with an average e density n
R, ~10 nm, I~10"” W/cm’
kT, ~0.1-1KeV, v, ~0.1 nm/fs* At ~100 fs
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Lasers:

* Ao =820 nm
® Thaser] = 3515, Tppeern =20 fs
a, =0.05 a,=25

e At = 170 fs
Clusters:
* Ry =32 nm

*nyg=4.5 1022 ¢cm-3

Simulation box: <

eL=1 pm

» 840 x 840 cells

Particles

* N = 1.2 10 part./species

A B =
— Y F T 7S IS
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lon density (after At)

_\IIIII\IIl\IIIIIIII|\III\IIII|\III\IIII|I_ _IIHII\II|I\II\IIH|I\IIHIII‘IIHII\II‘\_
40 — = 40 — —
= smoothly decreasin = c | explosion of cluster core starts | J
168 fs - v & 2 : 2Ll | 206 fs
= density profile 1 L4 102 c ] 10
30 [ =y 30 ="
E 7 2 E 1 =
I ] ‘@ F— = 5 ‘B
? 5 - N 10° 5 3 = 4 B 10" &
L. 20 . — g o L,.20 = . = ‘ L
b B ] = ¥ B 3 =
i = K 5 | 0e 5
105— —f ] 10 =
- 1 F10® C ]
- - = 11| 1
0:|||||\|||\|||||||||\|||\|||||\|||\|||||i__ 0:lHII\Illl\II\IIHlI\IIHIII‘IIHII\II‘:_
0 10 20 30 40 0 10 20 30 40 large scale shock
x1[c/w) x1 [c/ap] shell
40 77II i 3L 1 ‘ B ‘ 9 L | j SN A i |\7: ' 40 :_\I TTTTTTT | Ty, A T | TTTTT Iyl o =00y ‘I_: ' 10-2
E shock formation 1 M o2 - .A ]
30 = 30 - _
- = > - 310" &
- =N - - ] £
= C kS 107 2 a C ] 2
3 F = @ 3 5 ] e}
= o £ = = = 3 a
& - ()] E i o
b E 3 @ X . 1-110° &
C I F-10°% & o 4 e
- = o = 9 ©
10 = 10 [ {
= 1 10 - 141078
7||||\||||‘|\\\\l\l\‘l\lllllllll\l\\l\l\l\:; 0:\IIIIIII\|IIIIII\II|I\II\I\\I‘I\\I\I\\I‘I:7_
I 87 fS g 0 10 20 30 40 0 10 20 30 40 237 fS
x1 [c/wy] X1 [c/wy]




large scale shock shells can be
driven by double [laser] pulse
technique

o

High relative velocities
can be controlled and
tuned by varying At

o

B Laser polarization direction
5 \|k/ ®  Propagation direction
e —

For D cluster, intra cluster
neutron yield can be
comparable to inter cluster
neutron yield

0.03 ‘
= 0.02 ~ 200 KeV
%‘ |t =237 fs
O t = 225 fs
g 0.01} t =206 fs
t=187fs
t=168 fs
% 4 3 12
Radius [RO]




Neutron production from intracluster reactions™ Iﬁ

Intracluster reactions lead to short
burst of fusion neutrons intercluster reaction yield
8 \ intracluster reaction yield
10 N —f—50
000
— 0© S |
z W o O ° 0%

D Q2 I 0 P
: > O 30 2
0o |<— Ar~100fs — S nnn H 30:/9
= St~10fs | T, O ®, =
N - | 310" g 120 e
\ o ® (10

2
Mo, A FYYY X B

time [arb. units]

* Peano et al, Phys. Rev.A 73,053202 (2006)

50 100 150 200
Cluster radius [nm]

For very large clusters, intracluster nuclear reactions
can be comparable to intercluster reactions
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Control of nanoplasmas with VUV light
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Expansion or explosion? [ VUV light 1]

0.1 nm

100 nm

Radius of cluster and ionization dynamics (Te) are the critical parameters

Cluster radius (Rp)

T, << /Wy,

* 8.= c/w),.= electron skin depth Coulomb explosion

* W= electron plasma frequency Dynamics determined by

* T.= Ve Ro = electron crossing time electrostatic field

Hydrodynamic expansion

Dynamics determined by
electron pressure

Ee << 6e << R,

Energy of ionized electrons

eV 00’s keV
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Explosion of biosamples with intense XUV/X-ray sources ![

Intense XUV/X-ray sources @ DESY and @ SLAC coming online soon

NATURE|VOL 406 |17 AUGUST 2000|

Potential for hiomolecular imaging
with femtosecond X-ray pulses

Richard Neuize", Remco Wou's”, David van der Spoel*, Edgar Weckert!
& Janos Hajdu*

3-75123 Uppsala, Sweden
} Institut fitr Eristallogmphie, Universitit Karlsruhe, Eaisrstrass 12, D-76128,
Germany

f=—2fg I=2fs I=5i5 =101 f=—2ifs 1=5Ms

NATURE | VOL 420 | 5 DECEMBER 2002

Multiple fonization of atom clusters
by intense soft X-rays from a free-
electron laser

H. Wabnitz*, L. Bitner*, A. B B. de Castrot, R. Dihwmann®, P. Girtler", .
T. Laamnann*, W. Laasch®, J. Schulz*, A Swidersid, K. von Hasfen ™5, Bulse
T. Miller*, B. Faatz*, A. Fateav5, J. Felthaus*, C. Gertiy', U, Hahn,

E. Sakding, E. Schneidmillers, K. Sytchev:, K. Tiedtike*, R. Treusch*
e " te—5its 1=0ls 1=501g

Hamburger Syndrratronstrahlungslabor HASYIAB at Dessteches Elektronen-
S)Il.'irm'm DESY, NM 85, D-23605 Hamburg, Gmn
+LNLS, 13084-971, B (G M ety Eﬂ:ﬁmﬂ .ﬂ{hﬂﬂd
TFLW-LINICA MEF, Timwﬂﬁm S, Brazl]
$ Diawtsches Elektronen Syndrratron. DESY, Nofestrafle 85, 22603 Hamburg,

Germ

ﬂly
|| Faint Frestitute for Miadear Ressardy, Duabng, 141580 Moscow Regton, Russia
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How to drive shock shells in clusters with XFEL? !ﬁ

Fraction of ionized atoms determines
stronger/weaker expansion/explosion

o -

A A - —

afte@stmng pulse ionizes and
generates population of e- @ 12 keV

2/3 of total atoms in cluster are ionized

weak pulse partially ionizes and
\, generates population of e- @ 12 keV

/3 of total atoms in cluster are ionized

T. ~ 12keV
Vexp =~ 0.7nm /fs

Radiation:
*E, = 12.4 keV

Cluster (D):

*R; =32 nm

*ny = 10%2 ¢cm??

Simulation box:

* Lbox ~ 1200 nm

* 256 x 256 x 256 cells

* 512 x 512 cells

Particles:

» #p/cell = 125 part./spec.
* #hp/cell = 100 part./spec.

R0= 30 nm — Rcluster= 5 RO

At ~ 150 fs
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! 0.1000

-1 0.0100

1114 0.0010

L 0.0001

. 0.1000

154 0.0100

111 0.0010

— 0.0001

I" H 20 - \I """ B
50 fs | 150fs ]
| 15? |
13
e 15 10 ® .
=
_| 5? |
\‘\I\\‘I\\I‘\\I\7 O:I\\I‘ \I\‘I \I‘\\I
5 10 15 20 0 5 10 15 20
x[c/w,] x[c/a)p]
1 ! 7 20 F T \ i
200 fs ~| 250 fs ]
N 15} N
$
@ oo 100 . E
>
] S ]
[ I I S RN I R : O:||\\|\ [ [ :
5 10 15 | 20 o 5 10 15 I?o
x[c/lwy] E x[c/wy]

\ 4
s (4 1%] fon phase space
/7
/
#
n
R/Ro
@




x 107

At ~ 150 fs

250 fs

160 fs

390 fs @ J

caustics in phase space = bunching in energy

5

/R, 1 15
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Clear signature of shock shells in ion spectrum

: I I I : : IIII IIIIIIIIII:
410°E( 160 fs E 410°F | 250 fs E
—~ 310°F 41 @ 310°F =
QJ/ o=
S
210° F - 210° F 3

1105;_MW“W‘\"{ _z 1105w
OE 1 L 1 I 1 1 1 1 I 1 L 1 1 I L 1 L |E O-I 1 L 1 I 1 1 1 I 1 1 I-uLJ | . |

0 5 10 15 20 0 5 10 15 20
E[KeV ] E[KeV ]
| | [T vt E F | | |

5 F = 5
Ll 7 Ll -
= @5 = :
310° F @ @ = 310° F
210° E = 210° F
110° E = 110°F

O WI 1 1 I 1 L 1 L I L I\;I_J E 0 : L 1 L 1 I 1 1 1 1 I 1 1 1 L I L 1 :

0 5 10 15 20 0 5 10 15 20

E[KeV] E[KeV]
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initial dimension of cluster -

o

i

similar explosion physics as with IR light
different physics to control explosion




Kinetics of the expansion/explosion of nanoplasmas
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cgs units /units N dimensionless units

( 8fe == afe & aq) 8fe mass: m [ 6fe Pl 8fe 6&) afe
-t M=y eectel o s = o —_— == AT "
ot 0x mox 0v ) ot ox  OX Ov
charge. 22 P S ~
ofi _ Of  Zeddof g 2 of 8F modof
ot ox = M dx dv time: /"o ot ox M ox 0%
V2 = 4re ( [fedv -7 / fidv) ength: Rp N\ | 926 = 4n ( [Feav— | fid\"r)
. | ——— AN\

initial radius of the cluster total number of electrons

Dynamics depends on two

Initial conditions (dimensionless units): dimensionless parameters:
Zia - RN 3 il
R it =0)= 4—5 (V)© (1 —|x|) coldions @ t=0 Zj\/[
;T 1 3 v2 RokgT, AF
fe (%,9,t = 0) = —|"exp(——=|oa-&) « To=-%22=3D2
4 \ 27T 2T% e2No R3

hot non relativistic ions @ t=0




Ergodic model

ion trajectories: T (r.r&1 t) mj o2 = _Zeué_;(r')
1 0 / 50
electron energies: € (603 L) ?“_25 (sz) = 4me (ne — Zn;)
P,
. . rs [/ Ori
fon density: ni (r, 1) Y ni(ri) = nio(ro)-3 9 |
Ti TO
. ; 1
electron density: ne (7, ) g = —— /PO (e0)Z (r,€; D) deg
A2
electrostatic potential: - de s L4 ))
b(r,t) = ¢ —Z (1,6, P)dr
e- phase space volume is conserved \ d? J Ot

\ r2 (e + e®)

1
'’ e + ed (+')]? dr’
boundary conditions: iﬁ(o, y=0, &' =F0
or

p(e,t)de = pg (*D) deg
= probability density for elecirons with energy € to lie at

b=

P (r,e;P) =

initial conditions: n(r;,0) = njo(ro). p(e,0) = po (¢p)
'Peano et al, Phys. Rev. E 75, 066403 (2007)




Energy spectrum of the ions

positive charge buildup within 7

//
6C)O(TO) — Q(T’O, 0) + o 1 8(1 (Ti (T‘O, t)a t)dt
ze 70 0 ri(ro,t) ot

ion-front radius -~

asymptotic ion energy depends
strongly on electron dynamics:

energy spectra can develop a local maximum far from
its cutoff energy

To=72x10"3 To=7.2x 1072

= : 20 : : -
= 420 t=28 0 R t=1.50,
3 L 3 g
Eo t=11.20)pi :015 t—4.20)pi |
= By 1 = = -1
5 80 t=22.5 @ B =08 Ppi
;.:5 TR g 10

2 40 =

> S B

) o

()] Q

C =

Ll 0 : = R— Ll 0 , ! :

0 0.02 0.04 /0.06 0 0.1 0.2 '

lon energy [ZeZNO/RO] €Emax lon energy [ZezNO/RO] Jnax




v

Influence of TO on energy spectrum |

e energy spectra become monotonic at T ~ 0.5

U

e transition towards Coulomb Explosion (CE) regime

g
('\l,___.~ ;
ﬁ gl TQ: 7.2x102
~
o
9
s 6
=
2
=
- 4
U A
> =
QO 3 | €
8 —T1—T 1 |
B _ 0 0.2 0.4 0.6 0.8 1 __ Ze2Ng
xperimental results: ECE = R
S.Sakabe et al., Phys. Rev.A 69,023203 (2004 lon energy [ZezN /R ] 0
M. Hirokane et al., Phys. Rev.A 69,063201 (2004) Y




v

 cutoff energy
[ 0 ergodic model u=1.43
i sopTE/"
'1 o ~3/4\F 1/ -
14 (2.287,
o ]
F — 2287 %cce P 9
~ o
(%]
S
| o
06 [e
o
c
o
S
location of maximum
2 o ergodic model
- O.3TOO'96CE
-3 -2 -1 0
10 10 10 10

Initial electron temperature [e2N

O/ RO]
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Summary

® In clusters, explosion/expansion can be controlled via double
pump techniques

® Ability to fine tune ion energy/features of ion spectrum in
experiments

® Model to describe expansion/explosion function of Ap/Ro
(energy deposited on the electrons/Ro¢?)

® Nanoplasmas/nanostructured materials provide additional
“control knob™:

® radiation generation

® ion acceleration
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