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Ultra-intense radiation in the terahertz (THz) regime with energy up to 36 mJ per laser shot, corresponding 
to ~5% laser-THz conversion efficiency, is experimentally observed from the rear side of the 
laser-irradiated solid target using a 20 TW fs laser system. The radiation emitted in a conical angle around 
45 degree shows radial polarization and lasts for a duration about tens of ps. The waveform, angular 
distribution, and polarization of the THz radiation observed experimentally are in good agreement with that 
the radiation characteristics originated from deceleration of high-energy relativistic electrons passing 
through the sheath electric field behind the target. Two-dimensional particle-in-cell simulation is used to 
further clarify this emission mechanism. 

 
 
1. Introduction 

Terahertz (THz) radiation has continuously 
attracted significant interest over the last two 
decades because of its wide range of potential 
applications. We present an observation of THz 
generated by the target normal sheath radiation 
(TSNR) mechanism. THz emission of 36 mJ 
pulse energy from the rear side of the target is 
observed. The measured temporal waveform, 
angular distribution, as well as polarization 
indicate that this THz radiation originates from 
the energetic electron deceleration in the 
charge-separation field behind the target, which is 
known for ion acceleration through target normal 
sheath acceleration (TNSA) [1]. The experimental 
results are further clarified by particle-in-cell 
(PIC) simulation and analytical modeling. 

 
2. Experiment and Simulation 

 
Fig. 1. (a) Schematic of the THz radiation formation 

process. (b) Radiation pattern for an electron accelerated 
in its direction of motion.  

TSNR mechanism for generating strong THz 

radiation is illuminated in Fig. 1. Relativistic 
electrons accelerated in laser-solid interaction 
propagate through the target and establish at its rear 
a strong charge-separation field or sheath electric 
field of order ~TV/m. The very energetic electrons 
at the sheath front are decelerated by the intense 
electrostatic force and thereby emit radiation. The 
TNSR polarization state, which depends on the 
directions of the observer and the electron motion, 
can be assumed to have a radial distribution (red 
arrows in Fig. 1(a)). The angular power distribution 
has then a typical relativistic dipole pattern, as 
shown in Fig. 1(b). 

 
Fig. 2. Experimental setup. 

The TNSR mechanism is experimentally 
investigated using the P3 laser facility at Osaka 
University. The experimental setup is shown in Fig. 
2. The 20 TW laser pulses are focused on a 
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10 mµ -thick copper foil with a peak intensity of 
19 23 10 W/cm . The THz radiation from the 

target’s rear side is collected to a single-shot THz 
time-domain spectroscopy (TDS) system to obtain 
the temporal wave profile, with time steps of ~94.3 
fs and a total time window of ~37.7 ps,  

 
Fig. 3. (a) Angular distribution of the THz energy in 

the horizontal plane. (b) Evolution of the THz radiation.  
A calibrated Golay cell coupled to a polyethylene 

THz polarizer is used to measure the THz energy 
and the polarization distribution. The results, as 
shown in Fig. 3(a), confirm that the THz radiation 
emitted from the target’s rear surface has a radially 
symmetric cone structure with radial polarization, 
which agrees well with the theoretical predictions 
as shown in Fig. 1(a). The single pulse THz energy 
measured at 45° is ~0.35 mJ with a collection solid 
angle of 0.0485 sr, corresponding to 7.2 mJ/sr. The 
total, or integrated, energy emitted into this 2π solid 
angle is then ~36 mJ, with a laser-to-THz radiation 
conversion efficiency of ~5%. 

Figure 3(b) shows the THz temporal profile 
obtained by the TDS system. In addition to the 
sub-ps single-cycle oscillation, (as shown in the 
yellow shade area), the THz output of TSNR shows 
an envelope by the red solid curve in Fig. 3(b), with 
a width ~10 ps, together with high-frequency 
oscillations that last for more than 30 ps. The long 
period of this radiation is consistent with the typical 
sheath evolution lifetime [2], which implies that the 
observed THz radiation originates from the TNSA 
electron motion in the sheath.  

To further clarify the TSNR model for THz 
radiation, two-dimensional (2D) PIC simulations 
are carried out using the PDLPICC2D code. As 
shown in Fig. 4, the results show the existence of a 

charge separation field zE , which indicates that the 
electrons are keep escaping and being pulled back 
to the plasma sheath after few picoseconds. This 
can be responsible for the few-ps low frequency 
envelope (red solid curve in Fig. 3(b)). Since most 
of the electrons are confined around the sheath 
plasma and the typical lifetime of the sheath is few 
ps time scale, a considerable proportion of the 
sheath energy can be radiated in the THz range, 
which explain the high conversion efficiency 
observed.  

 
Fig. 4. 2D PIC simulation results. (a) Evolution of the 

sheath electron distribution. (b) Evolution of the charge 
separation field Ez. 

 
3. Summary 

Extremely intense coherent THz radiation with 
pulse energy of ~36 mJ and laser-to-THz radiation 
conversion efficiency of 5% produced by tabletop 
laser-solid target interaction is experimentally 
observed. The measured THz wave profile, radial 
polarization, and dipole-like radiation pattern 
indicate that the radiation originates from sheath 
electron deceleration during the TNSA process, 
which are supported by 2D PIC simulation and 
theoretical analysis. 
 
Acknowledgments 

This work is supported by the Photon Frontier 
Network of the Ministry of Education, Culture, 
Sports, Science and Technology of Japan. 
 
References 
[1] S. C. Wilks, A. B. Langdon, T. E. Cowan, M. Roth, 

M. Singh, S. Hatchett, M. H. Key, D. Pennington, A. 
MacKinnon, and R. A. Snavely: Phys. Plasmas 8 
(2001) 542. 

[2] G. Sarri, A. Macchi, C. A. Cecchetti, S. Kar, T. V. 
Liseykina, X. H. Yang, M. E. Dieckmann, J. Fuchs, 
M. Galimberti, L. A. Gizzi: Phys. Rev. Lett. 109 
(2012) 205002. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


