
First Observation of a THz Photon Echo
Stephen A. Lynch∗, P. Thornton Greenland∗, Alexander F. G. van der Meer†, Benedict N. Murdin‡,

Carl R. Pidgeon§, Britta Redlich†, Nguyen Q. Vinh¶, and Gabriel Aeppli∗
∗London Centre for Nanotechnology, University College London, WC1H 0AH, United Kingdom.

Email: stephen.lynch@ucl.ac.uk
†FOM Institute for Plasma Physics Rijnhuizen, P.O. Box 1207, NL-3430 BE, Nieuwegein, The Netherlands.

‡Advanced Technology Institute, University of Surrey, Guildford GU2 7XH, United Kingdom.
§Heriot-Watt University, Department of Physics, Riccarton, Edinburgh, EH14 4AS, United Kingdom.

¶UC Santa Barbara, Institute for Terahertz Science and Technology, Santa Barbara CA 93106-4170, USA.

Abstract—We demonstrate THz photon echoes from silicon
doped with phosphorus donors. We provide experimental evi-
dence showing that the echo emerges at the predicted angle and
that it arrives at our detector at the predicted time. We use this
to demonstrate coherent control of the silicon donor states.

I. INTRODUCTION AND BACKGROUND

In the last decade, there has been resurging interest in the
physics of group-V donors in silicon. This has recently lead
to a dramatic increase in activity in the research field. Much
of this renewed interest stemmed from a proposal by Kane
that silicon doped with group-V donors might be exploited
to realise a quantum computer [1]. Many experiments have
been recently performed to investigate the feasibility of this
scheme. These include measurements of both the spin lifetimes
[2] and lifetimes of the donor Rydberg states [3]. The second
important development that rekindled interest in this research
field was the invention of the optically pumped silicon laser
[4]. This breakthrough was the first demonstration of lasing in
a silicon-based material, and to-date lasing at THz frequencies
has now been demonstrated for all four Group-V donors. Re-
cent work also suggests the possibility of electrically pumped
lasing in this material system [5]–[7].

In this paper, we will present convincing evidence for the
first observation of a THz photon echo. The photon echo is a
purely quantum mechanical effect and it has no classical inter-
pretation. It is the optical analogue of the spin echo commonly
observed in Nuclear Magnetic Resonance (NMR) or Electron
Spin Resonance (ESR) experiments. Since the photon echo is a
coherent quantum effect, we needed a coherent source of THz
radiation. The experiments described were performed using the
FELIX free electron laser at the FOM institute at Nieuwegein
in the Netherlands. A full description of the experiment can
be found in our recently published paper [8]. The main cogent
points, however, are summarized in this conference abstract.

II. THEORY

For typical donors in Si, the lowest energy Lyman series
line is in the THz regime. In the case of phosphorus (P) the
1s(A1) to 2p0 transition is at 34.2 meV, equivalent to 36.2 𝜇m
and 8.29 THz [9]. Previous frequency [10] and time-domain
studies [3] have established the astonishing longevity of the
excited states, with a population lifetime 𝑇1 of 200 ps for the

2p0 state (due to 1-phonon emission augmented by intervalley
and umklapp processes and corresponding oscillator quality
factors of 2000 or more).

A two-level atom resonantly illuminated by the high in-
tensity coherent light from a laser undergoes Rabi oscilla-
tions at a frequency given by Ω = 𝐹0𝜇12/ℎ̄ where 𝐹0

is the electric field envelope of the light beam and 𝜇12 is
the transition dipole matrix element. For a pulse of finite
duration, the excited state polarization that remains in the
system after the pulse has passed varies sinusoidally with the
pulse area, 𝐴𝑃 = 𝜇12/ℎ̄

∫
𝐹 (𝑡)𝑑𝑡. If the laser is at resonance

with the 1s(A1) to 2p0 transition, it will produce a linear
superposition of 1s(A1) and 2p0 wavefunctions a very simple
wavepacket which oscillates in time as the superposition
precesses around the Bloch sphere, representing the quantum
mechanical state space for two-level systems. For an ensemble,
all the wavepackets initially radiate in phase, and therefore
strongly, to produce coherent radiation. The coherence is lost,
owing to small offsets in the resonant frequencies resulting
from differences in the local environment, and the radiation
weakens as the dipoles dephase on a timescale given by
the inverse of the 1s(A1) to 2p0 inhomogeneous linewidth.
However, their relative phases can be restored by a subsequent
laser pulse leading to a second burst of coherent radiation the
photon echo which appears later by a time equal to the time
difference between the initial and rephasing pulses, in precise
analogy to the well-known Hahn spin echo.

III. EXPERIMENTAL RESULTS

In order to provide conclusive proof of a true photon echo
we need to establish both the directional property and expected
timing of the phenomenon. This is now discussed.

We establish the directional property of the echo
(𝒌𝑬 = 2𝒌2 − 𝒌1) by measuring the angular distribution of
the beams. In our experiment the pump (𝒌1) and rephasing
(𝒌2) beams intersect at an angle of -5𝒐. Simple geometry
shows that the echo should emerge at an angle +5𝒐 with
respect to the direction of the rephasing beam 𝒌2. Figure 1
shows the intensities of the three beams exiting the sample as
a function of angle. This graph shows that the echo emerges
at the predicted angle with respect to the direction of the
rephasing beam 𝒌2.
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Fig. 1. Angle resolved echo. The intensities of the angle resolved signals
were recorded by translating the detector across the far-field which shows that
(𝒌𝑬 = 2𝒌2 − 𝒌1) as predicted.

Second we consider the echo arrival time, which we de-
termine using a reference pulse split from the rephasing pulse
and a delay line. The transmitted pump, rephasing and emitted
echo pulses, as well as the reference pulse are all focussed
onto the detector through a pinhole to produce a characteristic
interference pattern in time. We exploit the angular dispersion
of the pump, rephasing and echo pulses and block all but
one of them, thereby obtaining the interference patterns of
the reference beam with the pump, rephasing and echo beams
separately. By subtracting the mean intensity and squaring the
result, the arrival times and shapes of the pump, rephasing
and echo pulses can then be determined as a function of time
(Figure 2). All three pulses take the form of well-defined
peaks, with the maxima occurring at the times anticipated for
echoes.

IV. CONCLUSION

We have provided the first demonstration a THz photon echo
from phosphorus donors in silicon. We provide conclusive
proof of this claim by establishing both the directional property
and expected timing of the phenomenon.

We will go further in our conference presentation to show
how we can use the experimental techniques we have de-
veloped to investigate coherent mixtures of different orbital
states for phosphorus donors in silicon. Coherent control of
donor orbitals in silicon opens up many possibilities such as
entanglement of pairs of impurities whose ground state wave-
functions are too compact to interact. This could ultimately
be exploited in a number of silicon-based quantum computing
schemes that have been proposed in the literature.
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Fig. 2. Time resolved echo. On the left is the detector signal showing the
interference patterns with the pump, rephasing and echo beams. A moving
average has been subtracted, in order to remove the background and laser
drift. The pump, rephasing and echo temporal profiles were obtained from
the square of these interference patterns, as shown on the right, where the
pump rephasing beam time interval 𝜏12 and the rephasing beam-echo time
interval 𝜏2𝐸 are also shown.
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W. Hübers, “Influence of an electric field on the operation of terahertz
intracenter silicon lasers,” J. Appl. Phys., vol. 107, no. 3, p. 033114,
February 2010.

[8] P. Greenland, S. Lynch, A. van der Meer, B. Murdin, C. Pidgeon,
B. Redlich, N. Vinh, and G. Aeppli, “Coherent control of Rydberg states
in silicon,” Nature, vol. 465, no. 7301, pp. 1057–1061, June 2010.

[9] C. Jagannath, Z. Grabowski, and A. Ramdas, “Linewidths of the
electronic spectra of donors in silicon,” Phys. Rev. B, vol. 23, no. 5,
pp. 2082–2098, March 1981.

[10] D. Karaiskaj, J. Stotz, T. Meyer, M. Thewalt, and M. Cardona, “Impurity
absorption spectroscopy in 28Si: the importance of inhomogeneous
isotope broadening,” Phys. Rev. Lett., vol. 90, no. 18, pp. 186 402–1,
May 2003.

�����������		
�����
���	�

���
�
�����



<<
  /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


