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Abstract—We present high-speed terahertz time-domain
spectroscopy based on electronically controlled optical sampling
(ECOPS). The time delay between the two laser pulses is
demonstrated to be rapidly swept at a scan rate of 1 kHz on a time
delay window of 77 ps. It is shown that a measurement time is
shortened by a factor of 50 by using ECOPS compared to
asynchronous optical sampling.

I. INTRODUCTION

F or the purpose of rapid data acquisition and high spectral
resolution, asynchronous optical sampling (ASOPS)
method has been applied to terahertz time-domain spectroscopy
(THz-TDS). Electronically controlled optical sampling
(ECOPS) method has recently been proposed as another
approach for high-speed measurement [1]. In this paper, we
report on experimental demonstration of ECOPS for
high-speed THz-TDS. It is shown that a THz pulse can be
exactly measured by ECOPS as done by ASOPS and a
measurement time is shortened by a factor of 50 by using
ECOPS compared to ASOPS.

II. EXPERIMENTAL METHOD AND RESULTS

Fig. 1 illustrates our experimental setup for ECOPS
THz-TDS. We employ two Ti:Sapphire femtosecond (fs) lasers
synchronized at a 100 MHz repetition frequency. By
modulating an external offset voltage applied to the locking
electronics for one of the lasers, the time delay can be
repetitively scanned to measure a terahertz (THz) time-domain
waveform.
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Fig. 1. Illustration of the experimental setup for ECOPS THz-TDS. DBM:
double-balanced mixer, PI Amp: proportional-integral amplifier, HV Amp:
high-voltage amplifier, PD: photodetector, EM: THz emitter, DT: THz detector,
PM: off-axis parabolic mirror, Amp: preamplifier.
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Temporal variation of the time delay made by the ECOPS
system can be measured using the time delay measurement
setup depicted in Fig. 2(a). Optical pulse trains from the two fs
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lasers are detected by photodetectors, respectively. Amplifiers
and 100 MHz low-pass filters filter out the 100 MHz
fundamental components from the output signals of the
photodetectors. The phase difference signal of the fundamental
components, output from a 1.9 MHz low-pass filter following a
double-balanced mixer, is acquired by the digitizer triggered by
the sync signal of the function generator. The signal (V' (¢))
measured from the time delay measurement setup is related to
the phase difference (A@(¢)) by V(¢) = 4, cosA¢(r) , where
4, is a coefficient depending on measurement conditions. Fig.
2(b) shows V(¢) measured from the time delay measurement
setup when the time delay is swept at a 1 kHz scan rate by the
ECOPS system. The temporal variation of the time delay ( 7(¢) )

can be determined from V' (¢) by
() = Ap) _ 1 [ VO ’ 1
2nf  2xf 4
where f is the repetition frequency of 100 MHz here, as
plotted in Fig. 2(b).
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Fig. 2. (a) Schematic diagram of the time delay measurement setup. LPF1: 100

MHz low-pass filter, LPF2: 1.9 MHz low-pass filter. (b) Signal (blue line)

measured from the time delay measurement setup and temporal variation of the

time delay (red line) determined from the signal by Eq. (1) when the time delay
is swept at a scan rate of 1 kHz by the ECOPS system.

The time scale of a THz temporal waveform measured by
ECOPS is calibrated using the time delay measured in such a
way as described above. A typical THz waveform measured by
ECOPS is plotted against the time delay in Fig. 3(a). The scan
rate was set to 1 kHz and the time delay window of 77 ps was
obtained. For comparison, a THz waveform measured by



ASOPS is also displayed in Fig. 3(a). For ASOPS, the laser
repetition frequencies were stabilized at 100 MHz and 100
MHz - 20 Hz by using reference signals of a dielectric resonator
oscillator and the signal generator, respectively [2]. All the
measurement conditions else were the same with those of
ECOPS. The THz waveforms measured by ECOPS and
ASOPS were obtained by averaging 1,000 consecutive traces
acquired during 1 and 50 seconds, respectively. The THz
waveform measured by ASOPS is displayed with an offset on a
part of the entire 10 ns time delay window. As shown in Fig.
3(a), the THz waveform by ECOPS agrees well with that by
ASOPS.

To obtain a THz spectrum by fast Fourier transform (FFT) of
a time-domain data measured by ECOPS, the time-domain data
should be interpolated since the time delay step is not regular.
Fig. 3(b) shows the THz amplitude spectrum obtained by FFT
after interpolation of the time-domain data by ECOPS shown in
Fig. 3(a), together with that by ASOPS. The spectral shapes of
the spectra are almost identical. Also, the frequencies of
absorption lines of water vapor agree well in the spectra by
ECOPS and ASOPS. Therefore, ECOPS is confirmed to
exactly measure a THz pulse like ASOPS.
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Fig. 3. (a) Typical THz temporal waveforms measured by ECOPS and ASOPS.
(b) THz amplitude spectra obtained by FFT of the waveforms in (a). The black
and red lines indicate the results of ECOPS and ASOPS, respectively.

To compare the measurement speeds of ECOPS and ASOPS,
we investigated signal-to-noise ratios (SNR) of THz temporal
waveforms measured by ECOPS and ASOPS with varying the
number of averaged traces under the same measurement
condition as in Fig. 3. For ASOPS, a scan rate given by a laser
repetition frequency difference was set to 20 Hz, which led to
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the maximum SNR for a fixed measurement time [2]. Fig. 4
shows the SNR versus the measurement time when 1, 10, 100,
and 1,000 traces are acquired and averaged. The lines are fits of

the results to Y= * X” . The noise levels are close to the shot
noise limit since A is 0.49 for both the ECOPS and ASOPS.

Fig. 4 clearly shows that the measurement speed of ECOPS is
50 times higher than that of ASOPS.

For ASOPS THz-TDS, a high laser repetition frequency has
an advantage for high-speed scanning as a scan rate can be even
higher with a higher repetition frequency [3]. However, pump
and probe pulse energies are higher with a lower repetition
frequency. Consequently, a low repetition frequency is
advantageous in view of a measurement time needed to reach a
desired SNR. Fig. 4 shows that the ECOPS THz-TDS
demonstrated here enables much more rapid measurement than
even the ASOPS THz-TDS with a low repetition frequency of
100 MHz.
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Fig. 4. SNR versus measurement time for THz pulse measurements using
ECOPS and ASOPS. The black and red dots indicate the results of ECOPS and
ASOPS. The lines are fits of the results to Y=a*X” .

III. CONCLUSION

In conclusion, we have demonstrated high-speed THz-TDS
based on ECOPS. It was confirmed that ECOPS could exactly
measure a THz pulse as ASOPS could. A measurement time
was also shown to be reduced by a factor of 50 by using ECOPS
compared with ASOPS. In terms of a measurement time taken
to reach a desired SNR, ECOPS THz-TDS is the most rapid
method of various ones for THz-TDS at this time to our
knowledge.

REFERENCES

[1] F. Tauser, C. Rausch, Jan H. Posthumus, and F. Lison, “Electronically
controlled optical sampling using 100 MHz repetition rate fiber lasers,”
Proc. of SPIE 6881, 688100 (2008).

[2] Y.Kim,D. S. Yee, M. Yi, and J. Ahn, “High-speed high-resolution
terahertz spectrometers,” J. Korean Phys. Soc. 56, 255 (2010).

[3] A. Bartels, A. Thoma, C. Janke, T. Dekorsy, A. Dreyhaupt, S. Winnerl,
and M. Helm, “High-resolution THz spectrometer with kHz scan rates,”
Opt. Express 14, 430 (2006).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /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 true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


