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Garching, 24.04.11 
Electron Ping Pong in the Nano-world 

 
An international team of researchers succeeded at the Max Planck Institute of Quantum Optics to 

control and monitor strongly accelerated electrons from nano-spheres with extremely short and in-
tense laser pulses. (Nature Physics, 24. April 2011). 

 
When intense laser light interacts with electrons in nanoparticles that consist of many million 
individual atoms, these electrons can be released and strongly accelerated. Such an effect in 
nano-spheres of silica was recently observed by an international team of researchers in the 
Laboratory for Attosecond Physics (LAP) at the Max Planck Institute of Quantum Optics. The 
researchers report how strong electrical fields (near-fields) build up in the vicinity of the na-
noparticles and release electrons. Driven by the near-fields and collective interactions of the 
charges resulting from ionization by the laser light, the released electrons are accelerated, such 
that they can by far exceed the limits in acceleration that were observed so far for single atoms. 
The exact movement of the electrons can be precisely controlled via the electric field of the la-
ser light. The new insights into this light-controlled process can help to generate energetic ex-
treme ultraviolet (XUV) radiation. The experiments and their theoretical modeling, which are 
described by the scientists in the journal “Nature Physics,” open up new perspectives for the 
development of ultrafast, light-controlled nano-electronics, which could potentially operate up 
to one million times faster than current electronics. 
 
Electron acceleration in a laser field is similar to a short rally in a ping pongmatch:  a serve, a return 
and a smash  securing the point. A similar scenario occurs when electrons in nanoparticles are hit by 
light pulses. An international team, led by three German groups including Prof. Matthias Kling from 
the Laboratory for Attosecond Physics (LAP) at the Max Planck Institute of Quantum Optics in 
Garching and the Ludwig-Maximilian University Munich, Prof. Eckart Rühl from the Free Universi-
ty of Berlin and Prof. Thomas Fennel from the University of Rostock, was now successful in observ-
ing the mechanisms and aftermath of such a ping pong play of electrons in nanoparticles interacting 
with strong laser light-fields. 
The researchers illuminated silica nanoparticles with a size of around 100 nm with very intense light 
pulses, lasting around five femtoseconds (one femtosecond is a millionth of a billionth of a second). 
Such short laser pulses consist of only a few wave cycles. The nanoparticles contained around 50 
million atoms each. The electrons are ionized within a fraction of a femtosecond and accelerated by 
the electric field of the remaining laser pulse. After travelling less than one nanometer away from the 
surface of the nano-spheres, some of the electrons can be returned to the surface by the laser field to 
the surface, where they were smashed right back (such as the ping pong ball being hit by the paddle). 
The resulting energy gain of the electrons can reach very high values. In the experiment electron 
energies of ca. 60 times the energy of a 700 nm wavelength laser photon (in the red spectral region 
of light) have been found. 
For the first time, the researchers could observe and record the direct elastic recollision phenomenon 
from a nanosystem in detail. The scientists used polarized light for their experiments. With polarized 
light, the light waves are oscillating only along one axis and not, as with normal light, in all direc-



tions. “Intense radiation pulses can deform or destroy nanoparticles. We have thus prepared the na-
noparticles in a beam, such that fresh nanoparticles were used for every laser pulse. This was of pa-
ramount importance for the observation of the highly energetic electrons.”, explains Eckart Rühl.  
The accelerated electrons left the atoms with different directions and different energies. The flight 
trajectories were recorded by the scientists in a three-dimensional picture, which they used to deter-
mine the energies and emission directions of the electrons. “The electrons were not only accelerated 
by the laser-induced near-field, which by itself was already stronger than the laser field, but also by 
the interactions with other electrons, which were released from the nanoparticles,” describes Mat-
thias Kling about the experiment. Finally, the positive charging of the nanoparticle-surface also plays 
a role. Since all contributions add up, the energy of the electrons can be very high. “The process is 
complex, but shows that there is much to explore in the interaction of nanoparticles with strong laser 
fields,” adds Kling. 
The electron movements can also produce pulses of extreme ultraviolet light when electrons that hit 
the surface do not bounce back, but are absorbed releasing photons with wavelengths in the XUV. 
XUV light is of particular interest for biological and medical research. “According to our findings, 
the recombination of electrons on the nanoparticles can lead to energies of the generated photons, 
which are up to seven-times higher than the limit that was so far observed for single atoms,” explains 
Thomas Fennel. The evidence of collective acceleration of electrons with nanoparticles offers great 
potential. Matthias Kling believes that “From this may arise new, promising applications in future, 
light-controlled ultrafast electronics, which may work up to one million times faster than conven-
tional electronics.”  

Thorsten Naeser 
 

 
Figure 1: 
Mechanism of the acceleration of electrons near sili-
ca nanospheres. Electrons (depicted as green par-
ticles) are released by the laser field (red wave). 
These electrons are first accelerated away from the 
particle surface and then driven back to it by the la-
ser field. After an elastic collision with the surface, 
they are accelerated away again and reach very high 
kinetic energies. The figure shows three snapshots of 
the acceleration (from left to right): 1) the electrons 
are stopped and forced to return to the surface , 2) 
when reaching the surface, they elastically bounce 
right back 3) the electrons are accelerated away from 
the surface of the particle reaching high kinetic ener-
gies. 
Courtesy of Christian Hackenberger/LMU 
 
 
 
 
 
 
 

 
 
 
 
 
 
 



 
Figure 2: 
Amplified near-fields at the poles of a silica nanos-
phere. The local field on the polar axis is plotted as 
function of time, where time within the few-cycle 
wave runs from the lower right to the upper left. 
The fields show a pronounced asymmetry along the 
polarization axis of the laser (i.e. along the rims and 
valleys of the wave). This asymmetry leads to high-
er energies gained by electrons on one side of the 
nanoparticle as compared to the other side. For the 
given example the most energetic electrons are 
emitted from the backside, where the highest peak 
field is reached. The energies of the electrons and 
their emission directions are determined from the 
experiment. 
Courtesy of Christian Hackenberger/LMU 
 
 
 
 
 
 

 
Original Publication: 
Controlled near-field enhanced electron acceleration from dielectric nanospheres with intense 
few-cycle laser fields 
Sergey Zherebtsov, Thomas Fennel, Jürgen Plenge, Egill Antonsson, Irina Znakovskaya, Adrian 
Wirth, Oliver Herrwerth, Frederik Süßmann, Christian Peltz, Izhar Ahmad, Sergei A. Trushin, 
Vladimir Pervak, Stefan Karsch1, Marc J.J. Vrakking, Burkhard Langer, Christina Graf, Mark I. 
Stockman, Ferenc Krausz, Eckart Rühl, Matthias F. Kling 
Nature Physics, 24. April 2011, doi: 10.1038/NPHYS1983 
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Prof. Dr. Matthias Kling 
Max-Planck-Institut für Quantenoptik, Garching 
Max Planck Research Group „Attosecond Imaging“ 
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E-Mail: matthias.kling@mpq.mpg.de 
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Fax: +49 381 498 6802 
E-Mail: thomas.fennel@uni-rostock.de 
http://web.physik.uni-rostock.de/clustertheorie/ 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


