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Abstract. We explored the feasibility of using high-efficiency periodically-poled crystals configured to produce
downconverted photons for photon counting detector calibration at 1550 nm, with obvious importance for
metrology and quantum communication applications. Moreover key considerations for both applications is
the coupling of the downconverted photons into single-mode fibers. This study ties together the results of our
efforts to model the single-mode heralding efficiency of a two-photon parametric downconversion source and
our work to improve the accuracy of photon-counting calibrations made with which such a source.

1. Introduction

Parametric down-conversion (PDC) consumes pump
photons and produces light with a two-photon field
description [1]. This two-photon light, which allows
one photon to indicate or herald the existence of its
twin, is key to applications such as quantum metrol-
ogy [2] and quantum information [3, 4]. In particu-
lar, these PDC applications work by preparing one
photon in a well defined state by measuring its twin,
effectively creating a single-photon source. To realize
such a single-photon source [5] for these applications,
there are two key demands we address here. First,
high efficiency photon pair production and collection
is critical for the utility of the applications. Second,
there is strong interest in having the heralded photon
at a wavelength convenient for telecom (1550 nm) and
collected in a single-mode fiber.

For high efficiency of pair production, the use of
periodic poled crystals is becoming common [11], al-
though they have not yet been used for metrology ap-
plications. While metrology applications would cer-
tainly benefit from the advantage of high pump con-
version efficiency, it is not clear that other charac-
teristics of the periodically poled crystals would be
compatible with these applications. Specifically, the
level of background fluorescence may limit the uncer-
tainty that can be achieved.

As for the efficiency of collection of PDC light into
a single mode fiber, there have been a number of such
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Figure 1. Setup to herald single-photons from CW PDC
from a PPLN crystal.

efforts recently. The goal of these efforts is to accu-
rately understand and model the two-photon process
whereby the detection of one photon of a PDC pair, in
a well defined spatial and spectral mode, defines the
correlated spatial and spectral mode which can then
be efficiently collected. These efforts have included
experiments and theoretical work in both continuous
wave (CW) [6, 7] and pulse-pumped [8, 9, 10] PDC,
generated in bulk crystals, and have highlighted the
critical problem of coupling of the PDC photons into
single-mode fibers (SMF) due to the difficulty of spa-
tial and spectral matching of the photon pairs. The
results show that optimization of the heralding effi-
ciency is extremely sensitive to spectral and spatial
mode selection.

We have set up (fig. 1) a 5 mm periodically poled
lithium niobate (PPLN) crystal pumped by a CW
laser at 532 nm to produce 810 nm and 1550 nm



photon pairs in a slightly noncollinear geometry. We
use this source to measure the detection efficiency of
an InGaAs APD at 1550 nm and in doing so also
test our two-photon collection efficiency model. In
our experiment, the crystal was operated in a quasi-
phasematching configuration, with noncritical phase-
matching (90° phase-matching angle) and a 7.36 um
period to produce PDC photons at 810 nm and 1550
nm at external angles of 1° and 2°. Fine tuning of this
output was achieved by adjusting the crystal temper-
ature to 149 °C. A lens, L, was used in the pump
beam to produce a gaussian beam waist of w, ~100
pm at the crystal, a cutoff filter F; blocked the pump
laser and a dichroic mirror (DM) separated the 810
nm (beam 1) and 1550 nm (beam 2) photons. A
monochromator was inserted in the heralding path to
align the 810 nm light, measure its spectral width,
and as a filter. The heralding arm was routed to
a SMF and then to a Si APD, while the heralded
arm, also coupled to a SMF, was sent to a InGaAs
APD, operating with gated bias. The heralded arm
optical delay was adjusted with an appropriate length
SMF to observe coincidences when the InGaAs detec-
tor was gated by the detection of a 810 nm photon in
the heralding arm. The InGaAs detector, including
the SMF and coupling lens optical losses, was cali-
brated against a conventional detector standard us-
ing a attenuated laser source, yielding a raw detection
efficiency of 1ges = 9.8%.

The detector efficiency as measured by the PDC
source is given by

Naet = (XP * Topt CTSMP—lens) X (1)
Pcoinc - Puncm’r
(]- - Puncorr)(l - Plﬁzecrku;;lzldng) ,

where xp is the heralding efficiency (single-mode
preparation efficiency)[7, 12|, 7op¢ is the overall her-
alded arm optical transmittance (including PPLN,
F1,DM), TspmF—iens is the optical transmittance of
the Lo and the SMF on the heralded arms, P.yipc is
the probability of coincident counts per gate, Pypcorr
is probability of uncorrelated or accidental coinci-
dence counts per gate (determined by changing the
heralding delay so the detection gate misses photons
correlated to the herald photons), and be;ecrkagzg;ng is
the probability of gating counts produced by uncorre-
lated photons and dark counts on the heralding arm.
The heralding efficiency xp [7] is the efficiency of
preparing a photon in the heralded channel in a defi-
nite spectral and spatial mode, by specific mode selec-
tion of the heralding arm. This factor is in addition
to the other optical transmittances in the heralded
channel. It basically quantifies how well the collec-
tion system geometrically catches photons correlated
to those seen by the trigger detector. To calibrate a
SMF-coupled detector, the heralding efficiency must

be optimized and estimated. It has been calculated
in ref. [7] in the case of bulk crystal. For PPLN [12]
it is
4 w2wiws(w? +w?) A,y HE)
(3w +wi (w3 +wi))* (A2 4 A2) ’
(2)
where A; 2 =1 nm, 2.7 nm are the spectral band-
widths selected by the SMF in the two arms and
f(L) is a correction function depending on the crys-
tal length. We used two lenses configuration to mode
match the fields. With L; and L, both f=8 mm as-
pheric lenses, at d;=270 mm and d=220 mm, and
w1 = we=100 pm, from Eq.(1), we obtained the ex-
perimental value of x, =64%, while from Eq. (2) we
estimate x,=61%. With Ly and Ly both 20x micro-
scope objectives at d; =560 mm and d2=190 mm, and
w; = 144pm and we=76 pm, we obtained the exper-
imental value of x, =77% and the theoretical x,=78
%. Those values are in good agreement considering
the difficulty to measure the bandwidths and waists
at the crystal. The measured values in Eq.(1)are
P.oine=22%, 2.9%, Pheralded_g2 % 0.3 % and

uncorr

Plﬁfcrkaglgil"gzéﬂ%, 29%. We measured the 7,,,=65 %
and TsyF_iens =83 %, 73%, for the lenses and objec-
tives configuration, respectively. The heralding back-
ground, properly measured using the monochroma-
tor, is due to the fluorescence of the PPLN. This ex-
periment, with the high level of 0.07 pairs/(mW gate)
produced indicates that PPLN should be compati-
ble with the detector efficiency application for direct
calibration of single-mode coupled InGaAs photon-
counting detectors at 1550 nm. In addition, the
level of consistency (although very rough at this early
stage of our work) between the two detector calibra-
tion methods reflects favorably on the validity of our
mode-matching model. Because in this initial exper-
iment the PDC source and optical collection system
was not optimized for 1550 nm and losses were rela-
tively high, we expect that there is significant room
to improve the system to allow a high accuracy test
to be performed.

Xp =

[N

References

—_

D.N. Klyshko, Photons and Nonlinear Optics, (Gor-
don and Breach Science Publishers, 1988).

A L. Migdall, et. al, Appl. Opt., 41, 2914-2922(2002)
W. Tittel et al., 84, 4737-40(2000)

E. Knill et al. Nature 409, 46-52(2001).

S. Fasel et al., quant-ph/0408136, 7 pages.

C. Kurtsiefer et al. Phys. Rev. A, 64, 023802(2001).
S. Castelletto et al., SPIE Proc. 5551, 60-72(2004)
F.A. Bovino et al., Opt. Comm. 227, 343-348(2003).
T.B. Pittmann et al. quant-ph/0408093, (2004)

S. Castelletto et al., submitted to Optics Express.
M. A. Albota et al., J. of Modern Physics, 51, 1417-
1432(2004)

. S. Castelletto et al. , under preparation.

POV NOTEWN

—_

—_
N




<<
  /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




