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Abstract

Type-ll parametricdowvn conversionin nonlinearoptical crystalshasturnedout to
be one of the most powerful methodsto generateentangledphoton pairs, and even
allowed a large setof experimentson foundationsof quantummechanicsandrecent
applicationsin quantumcommunication. In this paper we presentan experimental
investigationof the emissioncharacteristicgor down-corverted photonsin orderto
investigatethe possibility of high brightnesssourcedor correlatedohotonpairs. Fur-
thermorewe discusgossiblevaysto increasehe collectionefficiengy for polarisation
entanglecphotonpairs.

1 Intr oduction

Oneof the mostsuccessfutechniquego generateentangleddistinguishableparticlesis
thegeneratiorof polarisation-entanglepghotonsn type-Il parametricdown corversion[].
With suchsourcesa whole rangeof recentexperimentsdemonstratindundamentaton-
ceptsin quantummechanicdasedn entanglementik etestingBell inequalities[2 3] over
along distanceandquantumdensecoding[4 wascarriedout. The processvasalsoused
to generateentangledstatesof morethantwo distinguishablgarticles,andto experimen-
tally demonstratentanglemenswapping[d, quantumeleportation[§ andthe preparation
of a GHZ[7] stateof space-like separategarticles. Furthermoreguantumcryptography
hasbeenconsidered[Band demonstrated, 10] asan applicationfor entangledohoton
pairs. All of theseapplicationsrequirea large numberof photon pairs, but up to now,
large pair generatiorrateshave beenachieved mainly with type-I parametriccorversion
sources[1112, 13], wherebothof the photong(signalandidler) areemittedwith the same
polarisationandthusdo not directly form a polarisation-entanglestate.
Variousattemptshave beenmadeto increasethe availablerate of correlatedphotons,
like focusingthe pumpbeam[14, usingcylindrical optics[19 or resonanenhancemeruf
the pumpbeam[16. In this article, we reporton an experimentalinvestigationof type-I|
parametridluorescencé BBO asanonlinearopticalcrystalpumpedn theUV, wherethe
aimwasto maximisethe pair ratesemittedin awavelengthinterval aroundthedegenerayg
wavelengthin the nearinfraredregioninto thetwo opticalchannelsisedfor detection.

2 Phasematching condition

The basicoptical configurationusedfor type-ll down corversionis showvn in figure 1.
A pump beamentersa nonlinearoptical crystal as an e-polarisedbeam,andis partially
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Figurel: Geometricahrrangemenfor type-Il parametricdown corversion.A collimated
UV pumpbeamis sentase-polarisationin a nonlinearoptical crystal. Dueto parametric
corversion,pair photonsaregeneratedwhich areemittedin a maryfold of two conesfor
agivenwavelength referredto assignalandidler, whereoneof the coness polarisedn e
direction,andthe otheronein o-direction.

convertedinto pairsof photons,obeying enegy andmomentumconsenration. For afixed
pumpwave vector, for a crystalwith dimensionanuchlargerthanthe opticalwavelength,
andfor a fixed wavelengthAs of the e-polarisedphoton(referredto assignalhere),the
emissiordirectionof this photonandtheoneof the o-polarisedphoton(referredto asidler)

areemittedinto aone-dimensionahanifoldof correspondinglirectionswherebothsignal
andidler photonsform a coneof wave vectors. To obtainentangledohotonpairsfrom a
monochromatipumpwith a wavelengthAp, the pumpdirectionis chosensuchthat the
two conescorrespondindo wavelengths\; = A; = 2\p of signalandidler overlapfor

two directions[1.

In apracticalexperimentonewill allow for a certainbandwidthAX aroundthedegen-
erag wavelength2\p for both signalandidler light. This causesignalandidler light to
be emittedin a wider setof directions,resultingin an angularwidth Aa of the emission
coneg(seefigure 2(a)).

As adetailedanalysisof the phasematchingconditionshasbeengivenbefore[17 18],
we only give aroughsketchof the calculationnecessaryo obtainthe angulardistribution
of signal-andidler photonsasa function of the collectedspectrumyestrictedto uniaxial
nonlinearcrystalssuchasBBO.

To simplify thecalculationwerestrictthewave vectorsof pump,signalandidler waves
into the planecontainingboth the pumpwave vectorandthe optical axis of the nonlinear
(uniaxial) crystal. The conditionsfor enegy andmomentunconsenration,

wp = Ws + Wi (1)
kpr = k,+k; (2)

canbecombinedo onesingleequation:

ne,i no,i Wi * 24
2 2 2.2
\/no,i +(n?,; —ng;) %

—flpwp - 2p +




(@) A0 (b) A0

\
\

Figure2: Angularwidth of parametridluorescencéor a givenspectrabandwidthA X of
signalandidler light. (a) In the configurationusedfor entanglecphotongenerationphase
matchingallows for two ringswith anangulawidth of A«. (b) For alargeranglebetween
pumpbeamandopticalaxis,two circularregionswith adiameterAa areexpected.
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Therein,n, ; andn, ; denotethe extraordinaryand ordinaryrefractive index at the idler
frequeny w;, andn, s theordinaryrefractive index of the corversioncrystalat the signal
frequeny ws = wp — w;. Theeffectiverefractive index for the pump,7i p, is givenby

~ ne,p no,p (4)
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wheren, , andn, , are extraordinaryand ordinary refractive index at the pump wave-
length. Thedirectionsof pumpandidler beamarecharacterisefly theirdirectionalcosines
zp = cos(Op) andz; = cos(0;), where©p and©; arethe anglesinsidethe crystalbe-
tweenthe opticalaxisandthe propagatiorof pumpandidler, respectiely.

For a given pumporientation® p, pumpfrequeny w, andidler frequeny w;, there-
fractive indicesaregiven by Sellmeierequations[1® andequation(3) canbe usedto de-
terminethedirectionalcosinez; of theidler. For a properchoiceof the pumpdirectionz,,
two realsolutionsfor z; canbefound.

To calculatethe emissiondirectionoutsidea crystal cut with endfacesnormalto the
pumpdirection,Snell’s law hasto be consideredor non-normalemission.Doing so, we
endup with two solutionsfor the externalemissionangled; (andtwo correspondingo-
lutions for the signal emissionangled;), measuredvith respecto the pumpbeam. For
a pumpwavelengthof A\p = 351.1 nm, numericalvaluesfor 6;(Ap, ©®p; A;) asa func-
tion of idler wavelength); areshawn in figure 3. Due to momentumconseration, the
correspondingxternalsignalemissionangleis givenby ; = —6;.

If signalandidler momentumarenotrestrictedo the planecontainingthe pumpdirec-
tion andthe optical axis, all valuesof §; betweerthetwo solutionsof equation(3) canbe
taken, forming two ringsin a planeperpendiculato the pumpdirection,assymbolisedn
figurel.

For apumpangleof ©p = 48.1°, theidler angled; is restrictedto negative values.
Therefore,signalandidler light form two non-intersectingings, while for an angle of




Figure3: Calculatedphasematchingconditionfor theidler wave (in the planecontaining
the optical axis, i.e., ¢; = 0°) for a pumpwavelengthof A\p = 351.1 nm. For a pump
beamorientationof © p = 48.1°, a wavelengthinterval of 5.5 nm aroundthe degenerag
wavelengthforms a continuousregion, wherefor a larger pump angle @, two distinct
regionscorrespondingo a cutthroughthering patternareformed.

Op = 49.7°, the allowedinterval for §; (andthusalsofor 6;) contains; = 0°, therings
intersectandallow for extractionof polarisation-entanglephotonpairs.

To obtainthe geometricalvidth Ao of the emissionpatterndor a givenspectrakange
for signalandidler assketchedin figure 2, we usethe dispersiorrelation;(Ap, © p; A;)
asshavnin figure3. For aninterferencdilter with atransmissiorspectruncentredaround
the degenerag wavelengthof 702.2nm anda width of 5.5 nm (FWHM), a pumpbeam
orientationof ©® p = 48.1° leadsto the down-corvertedlight beingemittedin two circular
areaswith diameterof ~ 3°, whereasfor the other displayedpump orientation,0p =
49.7°, aring with a diameterof &~ 9° anda width of =~ 0.5° is formedby both signaland
idler light.

3 Measurementof the angular distrib ution

To experimentallyinvestigatethe momentumdistribution of the down-corvertedlight for
differentcrystal orientations we obsene only single countratesratherthan coincidence
eventsnecessaryo identify entangledphotonpairs. However, this is sufficient to under
standthe spectralandspatialbehaiour of the parametricdown corversionprocesdor the
purposeof maximisingthe rateof availablephotonpairsin anexperiment.
Ourexperimentaket-upis shovnin figure4. A collimatedUV pumpbeamfrom anAr
ionlaser(A = 351.1 nm)with abeamwaistof w, = 510 um andapumppowerof 100mw
is enteringa BBO crystal of thicknessd = 2 mm. As the dimensionsof the interaction
volume betweenpump and down-convertedwaves exceedthe optical wavelengthsin the
crystalby far, momentununcertaintydueto thefinite crystalsizeshouldbenegligible. The
angulardistribution of the Gaussiarpumpbeamcorrespondso © p = 0.03° FWHM, and
thusthe pumpcanbe treatedasa planewave with goodapproximation[2D The crystal
is cut to have an angleof @g‘,” = 49.2° with the surfacenormal, closely corresponding
to the anglefor degeneratecollineardown corversion. A subsequendielectricmirror M
is reflecting out the residualpump beam,and transmittinglight from parametricdown
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Figure 4. Experimentalsetupto investigatethe angularintensity distribution (6, ¢) of
down-corvertedphotons. After a pumpbeamseparatod (a dielectricmirror reflecting
off UV light) the angulardistribution of the down-corvertedlight is transformednto a
spatialdistribution with alens L, of focal length f = 50 mm. The intensitydistribution
for aspectrarangedefinedby aninterferencdilter in thatplaneis probedwith a passively
guenched\valanchgphotodiodgAPD). A relaylensL, is usedto matchthedesiredspatial
resolutionin the Fourierplaneto the sensitve areaof the APD.

corversion. A Fouriertransformlens L; with a focal lengthof f = 50 mm corvertsthe
angulardistribution of the down-convertedlight beingemittedin a rangeof 20° x 20° to
a spatialdistribution of roughly 17 x 17 mm?, which is probedwith a Silicon Avalanche
Photodiodg APD). In orderto obtaina sufficient angularresolution,we usedanimaging
lens L, with a focal lengthof f = 25 mm to enlage a probeareain the Fourier plane
from 200 um to the active diameterof 500 um of the APD. Therelaylens,the Avalanche
diode,andanauxiliary apertureof diameter< 1 mmto minimisestraylight impingingon
the APD weremountedona 2D lineartranslationstagewith motorisedmicrometerscrevs.
To definethe spectrabandwidthof the down-corvertedlight collectedwith this setup,we
insertedan interferencdfilter with a bandwidthof 5.5 nm FWHM aroundthe degenerag
wavelengthof 702.2nm into the optical path. Thefilter waslocatedoutsidethe Fourier
planeto minimisethe effect of fluorescencérom residualUV light.

With this setup,we determinedhe intensitydistribution I(6, ¢) for differentorienta-
tions of the corversioncrystalrelative to the pumpbeam. We denotethe orientationsby

theirdeviation A® = Op — @59 of the pumpdirectioninsidethe crystalfrom thenormal
of the endfaces;the valuewasobtainedby correctingthe externaltilt angleof the BBO
crystalby therefractive index for the pump. The correspondingntensitydistributionsare
shavn in figure5. For A® < 0°, thetwo emissionconesof signalandidler manifold are
separatedAt anangleof A® = —0.88°, therings collapseinto two circularblobs. The
width of theseemissionareasanbe extractedfrom averticalcut (¢ = 0°) asshavnin the
left partof figure 6 to bea 3°. Thisis in goodagreementvith whatis expectedfrom the
phasematchingcurve obtainedfor a pumpbeamorientationof @ p = 48.1° in figure 3.
For A® = 0°, thetwo ringsof signalandidler touchatf = 0°, whereagor A© > 0°, two
intersectingings areobsened. With increasingangle A®, the diameterof the signaland
idler ringsincreasdurther, while their widthsdecreaseFor A® = +0.44°, the obsened
width of =~ 0.5° of aring (seeright part of figure 6) correspondso the calculatedwidth
of the secondtracein figure 3, reflectingthe shallover slopeof 6;()\;) at larger opening
angles.

Thepeakintensityof themeasureéngulardistribution of down-corvertedight changed
only slightly with thedifferentpumpanglesthisis in agreemenvith expressiongor alin-
eardependencef the fluorescencéntensitiesfrom the effective nonlinearsusceptibility
X3 121, 22). Assumingpump,signalandidler beamsbeingcollinear x;7/ is expected
to vary with cos? ® p[23], which would correspondo a variation of only 6.5% over the
investigatedangeof pumpangles® p. However, we obsene for all angles® p aninten-
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Figure5: Measuredntensitydistribution of down-corvertedlight for differentcorversion
crystalorientations A® = 0° correspond$o normalincidenceon thecrystalfacesgcorre-
spondingo a configurationwheresignalandidler componentpproximatelyco-propagate
with the pumpbeam(correspondingo anangle¢ = 6 = 0°). In thefirst row, the cones
for signalandidler light neverintersectwhile for thelasttwo distributions,therearetwo
intersectiordirectionsfor § = 0°, allowing to collectpolarisation-entanglephotonpairs.
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Figure6: Intensity distribution for two particularcrystal orientations. For the two-blob-
casecorrespondingo A® = —0.88°, theangularintensityis only slightly largerthanfor
theintersecting-ringcase correspondingo A® = +0.44°,



sity differencefor the signalandidler ring of about20%, probablydue to the different
transmissiorof the pumpbeamseparatotl/ for s- andp-polarisedight.

4 Collection efficiencies

In orderto discussthe strateyy for optimisingphotoncollection,it is usefulto first inter-
pret our measurementi, termsof the brightnessB of the the parametricdown corver-
sionsource.Thatquantitydescribeshe numberof fluorescenc@hotonsemittedpertime,
sourceareaandsolid angle,andmay be regardedasa measurdor anoptical phasespace
density Here,we usethe formalismonly in a qualitative way; tools for a morerigorous
treatmentanbefoundin [24]. We restrictourselesto only onepartnerof thephotonpair,
e.g..theidler, sothereshouldbeno spatialcoherencén the sourceotherthanthelimits for
themomentundistribution definedby the phasematchingconditionandthe spectraband-
width of thecollectedight. Furthermorewe simplify the spatialorigin of thefluorescence
light asa planedefinedby the pumpbeamcrossinga thin crystal. We thenassumehat
the phasespacedensityor brightnessB(0, ¢; z,y) of the emittedlight separatef source
coordinates;, y andemissionangled, ¢, andobtain:

I 9, Tw? _9r2 /2
BO,6;2,y) = " 0O T ot} ©

In this expression [ (8, ¢) is the obsenedor calculatedangulardistribution of light, Q.. is
theacceptancsolid angleof our detector(fixedby the de-magnifiedletectordiameterand
the focal lengthof the Fourierlens L; to a numericalvalueof 2, = 1.26 - 1075 sr), w,
denoteshe waist of the Gaussiarpumpbeam,andr = /z2 + y? is the radial position
in the sourceplane. Expression(5) impliesthatthe obsened photoncountrate I (6, ¢) is
adirectmeasurdor the brightnessB(6, ¢; z,y). As pointedout, this variesonly slightly
with the pumporientationA®. An apparentlyhigherintensity of the rings with smaller
diametersasobsenedin photographiexposuref type-1l parametriccorversion[28, is
notequialentto a higherbrightness.

Let us now considera casewherephotonpairsareto be collectedinto single spatial
modesase.g. definedby singlemodeopticalfibres,or in imagesthereof. Theacceptance
areain phasespacefor suchmodes(assumedo be Gaussian)s limited to Gaussiardis-
tributionswith a fixed productof spatialextent and divergenceangle, manifestedn the
relation

A
0p = —— (6)
TWo

betweerthe divergencedp andtheminimumwaistw, of abeam.In orderto optimisethe
numberof photonscollectedper time, the sourcebrightnesshasto be tailoredto have a
maximaloverlapwith anacceptancéunction {(0, ¢; z,y) of the Gaussiairmode. As the
anguladistributionto thebrightnessB (9, ¢; z, y) is fixedby thephasematchingcondition
for agivenspectrabandwidthof thelight to becollected theonly freeparameteto achieve
this adjustments the sourcearedefinedby the pumpwaist. We shallillustratethis for the
importantexampleof collectingentanglechotonpairsin thefigure-of-eightconfiguration
asin[1]:

First, the orientationof the pumpbeamis fixed suchthat the two rings of signaland
idler intersectperpendicularlyi.e., d¢;/08; = —0¢;/08; = *1 for the intersectiondi-
rections).For aBBO crystalpumpedwith A = 351.1 nm, thiscorrespond$o a pumpangle
of §p = 49.7°. Then,theangularwidth correspondingo the desiredspectralwidth A\ is
calculatedby linearisingthe phasematchingratio aroundthe degenerag wavelength2 A p.
For the given example,we obtain|df; /dA;| = 0.55 °/nm. For a Gaussiarspectraldistri-
bution, this resultsin a Gaussiardistribution of emissionanglesaroundthe ring defined
by the degenerag wavelength.This is alsothe casefor the otherphoton,andasthe rings



interseciperpendicularlytheangularregion to be collectedis a Gaussiardistribution with
rotationalsymmetryaroundthe intersectiondirection of the degeneratevavelength,with

a divergencegivenby 6;. This divergencefixesthe divergencedp of the Gaussiartarget
modeandthereforeits waistwg. To obtainthe maximalbrightnesdrom the (incoherently)
fluorescingsourceassociatedavith the parametriccorversionprocessthe pumplight can
be restrictedto a sourceareacorrespondindgo the minimal crosssectionof the Gaussian
mode. With this technique coincidencecountratesof 360000s~! polarisation-entangled
photonpairshave beenobsenedat a pumppower of P = 460 mW impingingona2 mm
thick BBO crystal[2§.

Anotherinterestingoptimisationproblemis posedby the attemptof collectingall the
light producedby parametricdown corversion. Sucha configurationwould be a corve-
nient sourceof correlatedphoton pairs, where eachof the photonsis emittedin a dis-
tinct polarisationjn contrasto efficient photonpair sourcesusingtype-I parametriadown
corversion[11 12, 13]. It seemsaturalto considerthe two-blob configurationfor that
purposeasobsenedexperimentallyfor A® = —0.88° in figure 5, becauseherethe an-
gular distribution of the light is closeto a Gaussiardistribution, and one could hopefor
a large coupling efficiency into a single Gaussianrmode. However, the highly dispersive
phasematchingconditionleadsto a large angularspreadfor a bandwidthof 5 nm. This
impliesthatonly photonsoriginatingfrom a very narronv sourceareacanbe collectedinto
thatmode.This impliesthatthe pumphasto befocusedto a very smallbeamwaist, even-
tually causingoroblemswith thedamagehresholdof thenonlinearcrystal. Also, the phase
matchingconditionis gettingmorecomplicatedsinceatightly focusedoumpbeamcannot
betreatedasaplanewave ary more[14 20Q].

Thesituationis differentif thelight canbecollectedinto multi-modefibres. For exam-
ple, for a standardnulti-modefibre with a numericalapertureof N A = 0.22 anda core
diameterof D = 50 um, the sourcebrightnessB (8, ¢; z,y) could extend over a mode
acceptancéunction{(8, ¢; z,y) in phasespacewhichis givenby:

O, ;3 y) = 1, 224+y><D?*/4 | [ 1, 6%+ ¢* <arctan®’(NA/2)
P Y) = 0, otherwhise 0, otherwhise

This correspond$o a phasespacevolumeV of

Vz/d9d¢ / dxdyC (6, ;x,y) ~ 74 pm? |

source

or a “transversemodecapacity”of V/(A\?/4) ~ 600 (single) modesat a wavelengthof
702.2nm. In orderto maximisethe overlap betweensourcebrightnessand acceptance
function, the constraintsto the sourceareaare much more relaxed, so this methodmay
successfullypbeimplementedo obtaina strongsourcefor correlatedbut not polarisation-
entangledphotons.

5 Summary

We presentedn experimentalinvestigationof the fluorescencérightnessn type-Il para-
metriccorversionfor differentorientationsof thepumpbeamrelative to the opticalaxis of
a BBO nonlinearoptical crystal. We found goodagreemenbetweerour experimentsand
theangulardistributionscalculatedrom the phasematchingconditions.We concludethat
collectionof correlatedphotonpairscanbe optimisedby observingthe sourcebrightness
function B(8, ¢; z,y), andadjustingthe free parametershereinto the acceptanceegion
of a tagetmodein phasespace.For collecting polarisation-entangleghotonpairs, this
hasbeendemonstrateduccessfully[2B Optimisingcollectionof all the light form type-
Il parametricdown corversionfor crystalorientationdeadingto well-separate@mission



directionsof signalandidler light canresultin high efficiencieswhencouplinginto multi-

modefibres,but may be difficult if thelight shouldbe collectedinto singlespatialmodes.
Whereagustfor the creationof photonpairsotherrecentlydevelopedtechniquesouldbe
favourable[12 13], up to now non-collineartype-1l phasematchingseemsstill to be the
bestsourcefor polarisation-entangleghotons.
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