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AWhat is a cluster plasma?
AShort introduction
Almpact of clusters on (nonlineanjakefieldproperties

AHow does the (selfinjection mechanism change?



e UNIVERSITY OF

11 December, 2020 marko.mayr@physics.ox.ac.uk

What Is a cluster plasma?
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in general: large set of smatale objects that have been
ionized

Many plasma clusters form a cluster plasma!
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Examples In literature

VOLUME 76, NUMBER 14 PHYSICAL REVIEW LETTERS 1 ArriL 1996

High-Order Harmonic Generation in Atom Clusters

A H H G T.D. Donnelly,"* T. Ditmire,> K. Neuman,' M. D. Perry,? and R. W. Falcone'
' Depariment of Physics, University of California ar Berkeley. Berkeley, California 94720
*Lawrence Livermore National Laboratory, P.O. Box 808, L-443, Livermore, California 94550
(Received 24 August 1995)

We report the generation of short-wavelength, high-order harmonics of intense laser radiation from
atom clusters. Clusters containing about 10* atoms are produced in a high-pressure gas jet. We
show them to be a unique nonlinear medium. Compared with monomer gases they yield a higher
appearance intensity for a given harmonic order, stronger nonlinear dependence of harmonic signal
on laser intensity, higher-order harmonics, and reduced saturation of the harmonic signal at high laser
intensity.

High harmonic generation from atom clusters

M Aladi and I B Fildes

Wigner Research Centre for Physics, Hungarian Academy of Sciences, Association
EURATOM HAS, Budapest, Hungary

E-mail: aladi. mark@wigner.mta hu

Abstract. High harmonics generation driven by 40 fs laser pulses is investigated in three
different noble gases, both in gas and cluster regime depending on gas type and backing
pressure. Pressure dependence of the harmonic intensity shows different scaling laws in case of
cluster formation compared with monomer gas. Both the higher harmonic yield and the
stronger spectral broadening of harmonics in xenon gas show the presence of clusters in the jet.
The central wavelength of harmonics has a blue shift increasing with increasing laser intensity
which is a consequence of free electron contribution to the phase matching.
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AHHG

AResonant laser absorption

‘' SI1C VIEW TTERS week ending
VOLUME 92, NUMBER 20 PHYSICAL REVIEW LETTERS 21 MAY 2004

Resonant Heating of a Cluster Plasma by Intense Laser Light

Toshihiro Taguchi® and Thomas M. Antonsen, Jr.
Instituie for Research in Electronics and Applied Physics, University of Maryland, College Park, Maryland 20742, USA

Howard M. Milchberg
Institute for Physical Science and Technology, University of Marviand, College Park, Maryvland 20742, USA

(Received 28 May 2003: revised manuscript received 7 January 2004; published 19 May 2004)

The heating of a single argon (Ar) cluster by a strong laser field is studied using an electrostatic
particle-in-cell code for a range of intensities and cluster sizes. Heating is dominated by a nonlinear
resonant absorption process involving energetic electrons transiting through the cluster. This process
gives rise to a threshold in field strength for strong absorption and controls the dielectric properties of
the cluster.

DOL: 10.1103/PhysRevLett 92 205003 PACS numbers: 5238 Hb, 36.40.Gk, 36 40Ve
PP T W " week ending
PRL 95, 103401 (2005) PHYSICAL REVIEW LETTERS > SEPTEMBER 2005

Two Very Efficient Nonlinear Laser Absorption Mechanisms in Clusters

P. Mulser,"* M. Kanapathipillai,>" and D. H. H. Hoffmann?
' Theoretical Quantum Electronics {TQE), Darmstadt University of Technology, Schlossgartenstrasse 7, 64289 Darmstadr, Germany

Gesellschaft fiir Schwerionenforschung, Planckstrasse 1, D-64291, Darmstadi, Germany
(Received 13 October 2004: published 2 September 20035)

Experiments show strongly enhanced absorption of ultrashort superintense laser beams in clustered
matter in the so-called collisionless regime. Despite numerous particle in cell simulations confirming this
behavior, the underlying physical processes are not sufficiently clear. The familiar linear resonance
absorption does not apply as long as the plasma frequency exceeds that of the laser. However, we show
here that with increasing laser intensity the oscillations become nonlinear and can enter into resonance
with the laser frequency because of restoring force lowering in Coulomb systems. Excellent absorption
already at moderate intensities is the consequence. The other absorption mechanism we analyze explicitly
consists in the coherent superposition of electron-ion collisions in ionized clusters. Collisional absorption
enhancement factors of several orders of magnitude are found

340Gk, 52.25.0s, 5250.0m

DOL: 10,1103/ PhysRevLett. 95.103401 PACS numbe
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lonic recoil energies in the Coulomb explosion of metal clusters
S. Teuber, T. Déppner, T. Fennel, J. Tiggesbiumker®, and K.H. Meiwes—Broer

Fachbereich Physik, Universitit Rostock, 18055 Rostock, Germany
A H H G Received 20 December 2000

Abstract. The photoionization of metal clusters in intense femtosecond laser fields has been studied. In

contrast to an experiment on atoms, the interaction in this case leads to a very efficient and high charging

. of the particle where tens of electrons per atom are ejected from the cluster. The recoil energy distribution

Reso nant |aser abSO rptl O n of the atomic fragment jons was measured which in the case of lead clusters exceeds 180 keV. Enhanced
charging efficiency which we observed earlier for specific pulse conditions is not reflected in the recoil energy

spectra. Both the average and the maximum energies decrease with increasing laser pulse width. This is
in good agreement with molecular dynamics calculations.

A Coulomb explosion

Coulomb explosion of a cluster irradiated
by a high intensity laser pulse

T. ESIRKEPOV,! R. BINGHAM.? S. BULANOV.** T. HONDA,' K. NISHIHARA.* anp F. PEGORARO?

Jolgoprudnyi, Russia

(Recerven 21 July 199%; Accerren 14 October 1999)
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Rinnim~

10P Publishing Plasma Physics and Controlled Fusion

Plasma Phys. Control. Fusion 58 (2016) 034014 (Tpp) doi: 10.1088/0741-3335/58/3.034014

Laser acceleration in argon clusters
and gas media

Mohammad Mirzaie'~, Nasr A M Hafz'~, Song Li', Kai Gao'?,
Guangyu Li', Qurat-ul-Ain'- and Jie Zhang'~

A In wakefieldcontext

PHYSICAL REVIEW ACCELERATORS AND BEAMS 22, 041303 (2019)

Laser wakefield acceleration with active feedback at 5 Hz

$.1.D. Dann,"*" C.D. Baird,” N. Bourgeois,” O. Chekhlov,” S. Eardley,’ C. D. Gregory,’

J-N. Gruse,’ 1. Hah,(1 D. Hazra,T S. L. szvkes,2 C.1. Hooker,2 K. Kmshclnick,(’

S.P.D. Mangles,” V. A. Marshall,” C. D. Murphy,® Z. Najmudin,” J. A. Nees,® J. Osterhoff,®

B. F'zm‘y,2 P. Pourmoussavi,® S. V. Rahul,” P.P. Rajf:':v,2 S. Rozario,” J. D. E. Scott,'
R. A. Smith.” E. Springate,2 Y. Tang,” S. Tata,m A.G.R. Thomﬂs.”’ C. Thornton,”
D.R. Symes,” and M. J. V. Streeter"”

SCIENTIFIC 02 V4
REP{%}RTS

@ Bright betatron X-ray radiation from a
laser-driven-clustering gas target

\sgrmopucey | M-Chen’, W.C. Yon', D. Z.Li%, Z.D. Hu', L Zhang', W. M. Wang', N. Hafz*, 1. Y. Mao', K. Huang',
paswa  Y.Ma', LR Zhao's, J.L Ma', Y. T. Li", X. Lu', Z M. Sheng®*, Z. Y. Wi, J. Gao? & J. Zhang®

SUBJECT AREAS:

APPLIED PHYSICS LETTERS 104, 014104 (2012)

Electron acceleration via high contrast laser interacting with submicron
clusters

Lu Zhang," Li-Ming Chen,"*! Wei-Ming Wang,' Wen-Chao Yan,' Da-Wei Yuan,’
Jing-Yi Mao,' Zhao-Hua Wang,” Cheng Liu,” Zhong-Wei Shen,' Anatoly Faenov,>®
Tatiana Pikuz,>* Da-Zhang Li," Yu-Tong Li," Quan-Li Dong," Xin Lu," Jing-Long Ma,’
Zhi-Yi Wei," Zheng-Ming Sheng,” and Jie Zhang'®

PHYSICAL REVIEW ACCELERATORS AND BEAMS 22, 113501 (2019)

Wakefields in a cluster plasma

M. W. Mayr®,"” L. Ceurvorst,"" M. F. Kasim,' I. D. Sadler,"* B. Spiers,' K. Glize,” A. F. Savin,"
N. Bourgcois,2 F. Keeble,® A.J. Ross,l D.R. Symc:s,z R. Aboushclbaya,] R.A. Fonscca,S'h
J. Holloway,' N. Ratan,' R. M. G. M. Trines,” R. H. W. Wang,' R. Bingham,”* L. O. Silva,’

P.N. Burrows,' M. Wing,® P. P. Rajeev,” and P. A. Norreys'*



W\ UNIVERSITY OF

11 December, 2020 marko.mayr@physics.ox.ac.uk 0),430)238D)

<1 mrad 17 mrad

Alncreased charge

[Chen et al., Sci. Rep. 3:1912, 2013]

lmr(;d: » » . (a‘)
A Broad energy Spectrum -1 mracl_l e '| = | | |
80 200 300 400  600(MeV)

[Zhang et al., Appl. Phys. Lett, 01410, 2012]

200 MeV
e 100 MeV

A Better reproducability
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[J. Wood, PhD Thesis, ICL, 2017]
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Important simulation parameters
throughout this talk
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Wakefield structure

AWakefield preserved?
ADynamics of cluster expansion

AEvolution of bubble size
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Strong fluctuations in cluster case!

5r
£
3 0 pAgigmee”Y vk
% S -
8_ -5 » “ § |‘ ‘I l‘
(OO
ﬁ \‘Ci \‘
Y
£ ORI
o] “10 uniform “y
11]
cluster
-1 5 'y 'y 'y
0 5 10 15
Timestep
30r }
—_ uniform A
€ 25t cluster ra
=1 Lo
S r' - ‘|
S 20+ . \
[o)] ! | ‘
¢ ! 7
5 ;1; ' B>
.| 1 5 [« /..:\ ~ !y .: &)
y of! S fli.\ ', ‘\ ! o-e- 7 or
) -~ A o~ - )
8 10} * LE-e —‘@f—e g g o o
5 'l L L
0 5 10 15

Timestep

A Position of maximum
longitudinal electric
field O

A Length that exhibits
accelerating
longitudinal field

1

640 4660 680

1

640 660 680



11 December, 2020 marko.mayr@physics.ox.ac.uk

Electron beam

AParticle injection mechanism
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Electron beam

ASpectrum
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Raw Image
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[Chen et al., Sci. Rep. 3:1912, 2013]
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[Zhang et al., Appl. Phys. Lett, 01410, 2012]
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# Type PL d w ncl/ncr dcl Gas (ne>/ncr
.. [TW] [fs] [um] [nm]
A unif. 196 30 127 ... . Af6t  0.004
B cl(s) 196 30 127 1.5 12 Arlot  0.004
C clr) 196 30 127 15 12 Af6+  0.004
D unif. 332 30 166 ... ... Hf 0.004
E cl() 332 30 16.6 125 18 HF 0.004
F cl(r) 332 30 166 5.0 18 H7 0.004
G cl() 332 30 16.6 075 18 HT 0.004
H clLi) 332 30 166 25 24  HF 0.004
I uwnif. 332 30 166 ... ... Hf 0.002
J cl(r) 332 30 166 125 24 H" 0.002 |
K unif. 126 15 102 ... ... Hf 0.004
L cl) 126 15 102 125 24 H* 0.004
Simulation D | E| F| G| H | I | J | K L
Q (>80%) 8.0% | 72| 1.6 | 54| 9.1 [152|7.6|6.0% 9.6
Q (>500) 0.0 [22.1/ 0.0|18.1 00| 0.0[7.9| 0.0 12.8
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Summary (and other findings)

A Spectrum depends on cluster parameters

~

ALYy2SOiuA2y YSOKFYAaY RAFFSNE FTNRY a
Coulomb force throughout higfield region

A High resolution necessary (compare Chen etSaiRep 3, 2014)
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Thanks to:

OSIRIS Team (esp. Anton Helm)

Teams at SCARF & ARCHER

Oxford Collaborators (esp. B&piers CharlesSillett)
James Sadler from Los Alamos National Laboratory
KarlKrushelnickrom University of Michigan

PeterNorreys

Marko Mayr | Department of Physics
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PHYSICAL REVIEW ACCELERATORS AND BEAMS 23, 093501 (2020)

Nonlinear wakefields and electron injection in cluster plasma

M. W. Mayr®,"" B. Spiers,' R. Aboushelbaya.' R. W. Paddock®,' J. D. Sadler®,” C. Sillett,’
R.H. W. Wang,] K. Krushelnick,” and P. A. Norreysu'“
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A Nonuniform electron motion!
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Laser pulse

ADepletion
ACNXE |j dzSy Qshiftd ¢ NB R €
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cluster ionization states Delaunay triangulation surface
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