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Abstract

Type-II parametricdown conversionin nonlinearopticalcrystalshasturnedout to
be one of the most powerful methodsto generateentangledphotonpairs, and even
allowed a large setof experimentson foundationsof quantummechanicsandrecent
applicationsin quantumcommunication. In this paper, we presentan experimental
investigationof the emissioncharacteristicsfor down-convertedphotonsin order to
investigatethepossibilityof high brightnesssourcesfor correlatedphotonpairs. Fur-
thermore,wediscusspossiblewaysto increasethecollectionefficiency for polarisation
entangledphotonpairs.

1 Intr oduction

Oneof the mostsuccessfultechniquesto generateentangled,distinguishableparticlesis
thegenerationof polarisation-entangledphotonsin type-II parametricdown conversion[1].
With suchsources,a whole rangeof recentexperimentsdemonstratingfundamentalcon-
ceptsin quantummechanicsbasedonentanglement,liketestingBell inequalities[2, 3] over
a long distanceandquantumdensecoding[4] wascarriedout. Theprocesswasalsoused
to generateentangledstatesof morethantwo distinguishableparticles,andto experimen-
tally demonstrateentanglementswapping[5], quantumteleportation[6] andthepreparation
of a GHZ[7] stateof space-like separatedparticles. Furthermore,quantumcryptography
hasbeenconsidered[8] anddemonstrated[9, 10] asan applicationfor entangledphoton
pairs. All of theseapplicationsrequirea large numberof photonpairs, but up to now,
large pair generationrateshave beenachieved mainly with type-I parametricconversion
sources[11, 12, 13], wherebothof thephotons(signalandidler) areemittedwith thesame
polarisation,andthusdo not directly form a polarisation-entangledstate.

Variousattemptshave beenmadeto increasethe availablerateof correlatedphotons,
like focusingthepumpbeam[14], usingcylindrical optics[15] or resonantenhancementof
the pumpbeam[16]. In this article,we reporton an experimentalinvestigationof type-II
parametricfluorescencein BBO asanonlinearopticalcrystalpumpedin theUV, wherethe
aimwasto maximisethepair ratesemittedin awavelengthinterval aroundthedegeneracy
wavelengthin thenear-infraredregion into thetwo opticalchannelsusedfor detection.

2 Phasematching condition

The basicoptical configurationusedfor type-II down conversionis shown in figure 1.
A pumpbeamentersa nonlinearoptical crystalasan � -polarisedbeam,andis partially�

SektionPhysik,Ludwig-Maximilians-Universiẗat, D-80797München,Germany�
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Figure1: Geometricalarrangementfor type-II parametricdown conversion.A collimated
UV pumpbeamis sentas � -polarisationin a nonlinearoptical crystal. Due to parametric
conversion,pair photonsaregenerated,which areemittedin a manyfold of two conesfor
a givenwavelength,referredto assignalandidler, whereoneof theconesis polarisedin �
direction,andtheotheronein � -direction.

convertedinto pairsof photons,obeying energy andmomentumconservation. For a fixed
pumpwave vector, for a crystalwith dimensionsmuchlargerthantheopticalwavelength,
andfor a fixed wavelength

	�

of the � -polarisedphoton(referredto assignalhere),the

emissiondirectionof thisphotonandtheoneof the � -polarisedphoton(referredto asidler)
areemittedinto aone-dimensionalmanifoldof correspondingdirections,wherebothsignal
andidler photonsform a coneof wave vectors.To obtainentangledphotonpairsfrom a
monochromaticpumpwith a wavelength

	�
, the pumpdirectionis chosensuchthat the

two conescorrespondingto wavelengths
	�����	������	��

of signalandidler overlapfor
two directions[1].

In apracticalexperiment,onewill allow for acertainbandwidth� 	 aroundthedegen-
eracy wavelength

��	��
for bothsignalandidler light. This causessignalandidler light to

be emittedin a wider setof directions,resultingin an angularwidth ��� of the emission
cones(seefigure2(a)).

As a detailedanalysisof thephasematchingconditionshasbeengivenbefore[17, 18],
we only give a roughsketchof thecalculationnecessaryto obtaintheangulardistribution
of signal-andidler photonsasa functionof thecollectedspectrum,restrictedto uniaxial
nonlinearcrystalssuchasBBO.

To simplify thecalculation,werestrictthewavevectorsof pump,signalandidler waves
into theplanecontainingboth thepumpwave vectorandtheopticalaxisof thenonlinear
(uniaxial)crystal.Theconditionsfor energy andmomentumconservation,� � � � ��� � ��� (1)� � � �!�"�#� �

(2)

canbecombinedto onesingleequation:$% &!')( � &!*�( � � �,+.-/�0 & 1*�( � �32 & 1')( �,4 & 1*�( �65 - 1� 487& � � �9+.-.:<;= 1 �
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Figure2: Angularwidth of parametricfluorescencefor a givenspectralbandwidth>@? of
signalandidler light. (a) In theconfigurationusedfor entangledphotongeneration,phase
matchingallows for two ringswith anangularwidth of >BA . (b) For a largeranglebetween
pumpbeamandopticalaxis,two circularregionswith a diameter>BA areexpected.CDFE!G)H I<E!JKH I/LMI,NPO QSRUTPVIW E V JKH I�X3Y E VG)H I R9E VJ�H I6Z T VI R\[E ]BLM]9N W QSRUT V^`_a V b E V J�H c Y L ^ RdL I Z V

(3)

Therein,
E!G)H I

and
E!JKH I

denotethe extraordinaryandordinaryrefractive index at the idler
frequency

LMI
, and

E!J�H c
theordinaryrefractive index of theconversioncrystalat thesignal

frequency
L"c b L ] RdLMI

. Theeffectiverefractive index for thepump,
[E ]

, is givenby[E ] b E G)H ^ E JKH ^W E V JKH ^ X\Y E VG)H ^ RdE VJKH ^ Z T V^ e (4)

where
E!G)H ^ and

E!JKH ^ are extraordinaryand ordinary refractive index at the pump wave-
length.Thedirectionsof pumpandidler beamarecharacterisedby theirdirectionalcosinesT ^ bgfKhPi Y6j ] Z and

TkI bgfKh`i Ylj I Z , where
j ]

and
j I

aretheanglesinsidethecrystalbe-
tweentheopticalaxisandthepropagationof pumpandidler, respectively.

For a givenpumporientation
j ]

, pumpfrequency
L ^ andidler frequency

L�I
, the re-

fractive indicesaregivenby Sellmeierequations[19], andequation(3) canbeusedto de-
terminethedirectionalcosine

T I
of theidler. For aproperchoiceof thepumpdirection

T ^ ,
two realsolutionsfor

T I
canbefound.

To calculatethe emissiondirectionoutsidea crystalcut with endfacesnormalto the
pumpdirection,Snell’s law hasto beconsideredfor non-normalemission.Doing so,we
endup with two solutionsfor the externalemissionangle m I (andtwo correspondingso-
lutions for the signalemissionangle m c ), measuredwith respectto the pumpbeam. For
a pumpwavelengthof ? ] bonPp Q�qrQ nm, numericalvaluesfor m I Y ? ] e j ]ts ? I Z asa func-
tion of idler wavelength ? I areshown in figure 3. Due to momentumconservation, the
correspondingexternalsignalemissionangleis givenby m c b R m I .

If signalandidler momentumarenot restrictedto theplanecontainingthepumpdirec-
tion andtheopticalaxis,all valuesof m I betweenthetwo solutionsof equation(3) canbe
taken,forming two rings in a planeperpendicularto thepumpdirection,assymbolisedin
figure1.

For a pumpangleof
j ] b�u`v qrQkw , the idler angle m I is restrictedto negative values.

Therefore,signal and idler light form two non-intersectingrings, while for an angleof
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Figure3: Calculatedphasematchingconditionfor theidler wave (in theplanecontaining
the optical axis, i.e., x�y{z}|`~ ) for a pumpwavelengthof ���gz}�P�����r� nm. For a pump
beamorientationof ���3z��P���r�k~ , a wavelengthinterval of 5.5 nm aroundthedegeneracy
wavelengthforms a continuousregion, wherefor a larger pump angle ��� two distinct
regionscorrespondingto a cut throughthering patternareformed.

����z��P�����~ , theallowedinterval for �<y (andthusalsofor �<� ) contains�/ytz�|P~ , therings
intersect,andallow for extractionof polarisation-entangledphotonpairs.

To obtainthegeometricalwidth ��� of theemissionpatternsfor a givenspectralrange
for signalandidler assketchedin figure2, we usethedispersionrelation �<y��6����������)��yl�
asshown in figure3. For aninterferencefilter with atransmissionspectrumcentredaround
the degeneracy wavelengthof 702.2nm anda width of 5.5 nm (FWHM), a pumpbeam
orientationof � � z\�P����/~ leadsto thedown-convertedlight beingemittedin two circular
areaswith diameterof ��� ~ , whereasfor the otherdisplayedpumporientation, � � z�P�����~ , a ring with a diameterof ���P~ anda width of ��|�����~ is formedby bothsignaland
idler light.

3 Measurementof the angular distrib ution

To experimentallyinvestigatethemomentumdistribution of thedown-convertedlight for
differentcrystalorientations,we observe only singlecount ratesratherthancoincidence
eventsnecessaryto identify entangledphotonpairs. However, this is sufficient to under-
standthespectralandspatialbehaviour of theparametricdown conversionprocessfor the
purposeof maximisingtherateof availablephotonpairsin anexperiment.

Ourexperimentalset-upis shown in figure4. A collimatedUV pumpbeamfrom anAr
ion laser( � z\�P�¡�P��� nm)with abeamwaistof ¢ � z\�¡�k|¤£ m andapumppowerof 100mW
is enteringa BBO crystalof thickness¥#zo¦ mm. As the dimensionsof the interaction
volumebetweenpumpanddown-convertedwavesexceedthe optical wavelengthsin the
crystalby far, momentumuncertaintydueto thefinite crystalsizeshouldbenegligible. The
angulardistributionof theGaussianpumpbeamcorrespondsto ��§3z\|� |P�P~ FWHM, and
thusthe pumpcanbe treatedasa planewave with goodapproximation[20]. The crystal
is cut to have an angleof �©¨«ª�¬� z}�P�� ¦P~ with the surfacenormal,closelycorresponding
to theanglefor degeneratecollineardown conversion.A subsequentdielectricmirror 
is reflectingout the residualpump beam,and transmittinglight from parametricdown
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Figure 4: Experimentalsetupto investigatethe angularintensity distribution ®�¯±°�²�³�´ of
down-convertedphotons.After a pumpbeamseparatorµ (a dielectricmirror reflecting
off UV light) the angulardistribution of the down-convertedlight is transformedinto a
spatialdistribution with a lens ¶�· of focal length ¸º¹¼»�½ mm. The intensitydistribution
for aspectralrangedefinedby aninterferencefilter in thatplaneis probedwith apassively
quenchedAvalanchephotodiode(APD).A relaylens ¶¿¾ is usedto matchthedesiredspatial
resolutionin theFourierplaneto thesensitiveareaof theAPD.

conversion. A Fourier transformlens ¶�· with a focal lengthof ¸º¹�»À½ mm convertsthe
angulardistribution of thedown-convertedlight beingemittedin a rangeof ÁÀ½PÂ©ÃÄÁÀ½`Â to
a spatialdistribution of roughly Å/Æ�ÃÇÅ<ÆÉÈ@È ¾ , which is probedwith a Silicon Avalanche
Photodiode(APD). In orderto obtaina sufficient angularresolution,we usedan imaging
lens ¶¿¾ with a focal lengthof ¸8¹�Á�» mm to enlarge a probeareain the Fourier plane
from 200 Ê m to theactive diameterof 500 Ê m of theAPD. Therelay lens,theAvalanche
diode,andanauxiliaryapertureof diameterËÌÅ mm to minimisestraylight impingingon
theAPD weremountedona2D lineartranslationstagewith motorisedmicrometerscrews.
To definethespectralbandwidthof thedown-convertedlight collectedwith this setup,we
insertedan interferencefilter with a bandwidthof 5.5 nm FWHM aroundthedegeneracy
wavelengthof 702.2nm into the optical path. The filter waslocatedoutsidethe Fourier
planeto minimisetheeffectof fluorescencefrom residualUV light.

With this setup,we determinedthe intensitydistribution ®�¯Í°�²)³Î´ for differentorienta-
tions of the conversioncrystalrelative to the pumpbeam.We denotethe orientationsby
their deviation Ï�Ð8¹ÌÐ�ÑdÒ#Ð©Ó«Ô�ÕÑ of thepumpdirectioninsidethecrystalfrom thenormal
of the endfaces;the valuewasobtainedby correctingthe externaltilt angleof the BBO
crystalby therefractive index for thepump.Thecorrespondingintensitydistributionsare
shown in figure5. For Ï�ÐÖË8½ Â , thetwo emissionconesof signalandidler manifoldare
separated.At anangleof Ï�Ð¼¹�Ò�½× ØPØPÂ , the ringscollapseinto two circularblobs. The
width of theseemissionareascanbeextractedfrom averticalcut ( ³Ù¹\½PÂ ) asshown in the
left partof figure6 to be Ú�ÛPÂ . This is in goodagreementwith what is expectedfrom the
phasematchingcurve obtainedfor a pumpbeamorientationof Ð�Ñ�¹�ÜPØ×�Å/Â in figure 3.
For Ï�ÐÌ¹3½`Â , thetwo ringsof signalandidler touchat °©¹\½PÂ , whereasfor Ï@Ð�ÝÞ½`Â , two
intersectingringsareobserved. With increasingangle Ï�Ð , thediameterof thesignaland
idler rings increasefurther, while their widthsdecrease.For Ï�Ðß¹�à�½× ÜPÜ`Â , theobserved
width of Úá½�×�» Â of a ring (seeright part of figure 6) correspondsto the calculatedwidth
of the secondtracein figure 3, reflectingthe shallower slopeof °<â�¯äã�â6´ at larger opening
angles.

Thepeakintensityof themeasuredangulardistributionof down-convertedlight changed
only slightly with thedifferentpumpangles;this is in agreementwith expressionsfor a lin-
eardependenceof the fluorescenceintensitiesfrom the effective nonlinearsusceptibilityåMæèçkçâêé)ë [21, 22]. Assumingpump,signalandidler beamsbeingcollinear, å�æìç/çâ�é)ë is expected
to vary with í.îPï ¾ Ð�Ñ [23], which would correspondto a variationof only 6.5% over the
investigatedrangeof pumpanglesÐ�Ñ . However, we observe for all anglesÐ�Ñ aninten-
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Figure5: Measuredintensitydistribution of down-convertedlight for differentconversion
crystalorientations;ð@ñ8ò3ó`ô correspondsto normalincidenceon thecrystalfaces,corre-
spondingto aconfigurationwheresignalandidler componentapproximatelyco-propagate
with thepumpbeam(correspondingto anangle õÇòßö÷ògóPô ). In thefirst row, thecones
for signalandidler light never intersect,while for the last two distributions,therearetwo
intersectiondirectionsfor ö©ò3ó`ô , allowing to collectpolarisation-entangledphotonpairs.
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Figure6: Intensitydistribution for two particularcrystalorientations.For the two-blob-
casecorrespondingto ð�ñ�ò¼ø�ó�ù ú�úPô , theangularintensityis only slightly largerthanfor
theintersecting-ringcase,correspondingto ð�ñÌò8û�óù üPü`ô .

6



sity differencefor the signaland idler ring of about20%, probablydue to the different
transmissionof thepumpbeamseparatorý for þ - andÿ -polarisedlight.

4 Collection efficiencies

In orderto discussthe strategy for optimisingphotoncollection,it is usefulto first inter-
pret our measurementsin termsof the brightness� of the the parametricdown conver-
sionsource.Thatquantitydescribesthenumberof fluorescencephotonsemittedpertime,
sourceareaandsolid angle,andmayberegardedasa measurefor anopticalphasespace
density. Here,we usethe formalismonly in a qualitative way; tools for a morerigorous
treatmentcanbefoundin [24]. Werestrictourselvesto only onepartnerof thephotonpair,
e.g.,theidler, sothereshouldbenospatialcoherencein thesourceotherthanthelimits for
themomentumdistributiondefinedby thephasematchingconditionandthespectralband-
width of thecollectedlight. Furthermore,wesimplify thespatialorigin of thefluorescence
light asa planedefinedby the pumpbeamcrossinga thin crystal. We thenassumethat
thephasespacedensityor brightness���������
	������� of theemittedlight separatesin source
coordinates���� andemissionangles����� , andobtain:

���������	��������� � ������������ ��� � !"#%$'& !�(�)�*�+ ), (5)

In this expression,
� �������-� is theobservedor calculatedangulardistribution of light,

���
is

theacceptancesolidangleof ourdetector(fixedby thede-magnifieddetectordiameterand
the focal lengthof the Fourier lens .0/ to a numericalvalueof

��� �2143 #65 � 187 &�9 sr), � "
denotesthe waist of the Gaussianpumpbeam,and :;�=< � !�> � ! is the radial position
in thesourceplane.Expression(5) implies that theobservedphotoncountrate

� ��������� is
a directmeasurefor thebrightness���������
	��
����� . As pointedout, this variesonly slightly
with the pumporientation ?A@ . An apparentlyhigher intensityof the rings with smaller
diameters,asobservedin photographicexposuresof type-II parametricconversion[25], is
not equivalentto ahigherbrightness.

Let us now considera casewherephotonpairsareto be collectedinto singlespatial
modes,ase.g.definedby singlemodeopticalfibres,or in imagesthereof.Theacceptance
areain phasespacefor suchmodes(assumedto be Gaussian)is limited to Gaussiandis-
tributionswith a fixed productof spatialextent anddivergenceangle,manifestedin the
relation �CBD� E� �GF (6)

betweenthedivergence�CB andtheminimumwaist �IH of a beam.In orderto optimisethe
numberof photonscollectedper time, the sourcebrightnesshasto be tailoredto have a
maximaloverlapwith an acceptancefunction J��������
	��
����� of the Gaussianmode. As the
angulardistributionto thebrightness���������
	������� is fixedby thephasematchingcondition
for agivenspectralbandwidthof thelight to becollected,theonly freeparameterto achieve
this adjustmentis thesourcearedefinedby thepumpwaist. We shall illustratethis for the
importantexampleof collectingentangledphotonpairsin thefigure-of-eightconfiguration
asin[1]:

First, the orientationof the pumpbeamis fixed suchthat the two rings of signaland
idler intersectperpendicularly(i.e., K �-LNMCK��6LO�QPIK ��RSMCK��6LO�UTV1 for the intersectiondi-
rections).For aBBO crystalpumpedwith E �XW'Y�143Z1 nm,thiscorrespondsto apumpangle
of �C[\�X]'^�3`_6a . Then,theangularwidth correspondingto thedesiredspectralwidth ? E is
calculatedby linearisingthephasematchingratioaroundthedegeneracy wavelength

# E [ .
For thegivenexample,we obtain b c4� R MCc E R b��d7�3 Y'Yea /nm. For a Gaussianspectraldistri-
bution, this resultsin a Gaussiandistribution of emissionanglesaroundthe ring defined
by thedegeneracy wavelength.This is alsothecasefor theotherphoton,andastherings
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intersectperpendicularly, theangularregion to becollectedis a Gaussiandistributionwith
rotationalsymmetryaroundthe intersectiondirectionof the degeneratewavelength,with
a divergencegivenby fCg . This divergencefixesthe divergencefCh of the Gaussiantarget
modeandthereforeits waist iGj . To obtainthemaximalbrightnessfrom the(incoherently)
fluorescingsourceassociatedwith the parametricconversionprocess,the pumplight can
be restrictedto a sourceareacorrespondingto the minimal crosssectionof the Gaussian
mode.With this technique,coincidencecountratesof 360000sk l polarisation-entangled
photonpairshave beenobservedat a pumppower of monqpsr4t mW impingingon a 2 mm
thick BBO crystal[26].

Anotherinterestingoptimisationproblemis posedby theattemptof collectingall the
light producedby parametricdown conversion. Sucha configurationwould be a conve-
nient sourceof correlatedphotonpairs, whereeachof the photonsis emittedin a dis-
tinct polarisation,in contrastto efficientphotonpair sourcesusingtype-I parametricdown
conversion[11, 12, 13]. It seemsnaturalto considerthe two-blob configurationfor that
purpose,asobservedexperimentallyfor uAvwnyxIt�z {4{'| in figure5, becausetherethean-
gular distribution of the light is closeto a Gaussiandistribution, andonecould hopefor
a large couplingefficiency into a singleGaussianmode. However, the highly dispersive
phasematchingconditionleadsto a large angularspreadfor a bandwidthof 5 nm. This
impliesthatonly photonsoriginatingfrom a very narrow sourceareacanbecollectedinto
thatmode.This impliesthatthepumphasto befocusedto a verysmallbeamwaist,even-
tually causingproblemswith thedamagethresholdof thenonlinearcrystal.Also, thephase
matchingconditionis gettingmorecomplicated,sinceatightly focusedpumpbeamcannot
betreatedasaplanewaveany more[14, 20].

Thesituationis differentif thelight canbecollectedinto multi-modefibres.For exam-
ple, for a standardmulti-modefibre with a numericalapertureof };~�ndt�z �'� anda core
diameterof ��n=�6t�� m, the sourcebrightness����f������������ could extendover a mode
acceptancefunction ����f����
�������� in phasespace,which is givenby:

����f����
���������n��2� �2�����������������Cpt��2�4�����8�� ���¡£¢�� ¤¦¥ �2� �2f4���§���e��¨6��©ª��¨4« � �¬}~®�4�4�t��2�6�����¯�� ���¡£¢�� ¤
Thiscorrespondsto aphasespacevolume ° of

°§n²±´³'f4³s�µ±¶�·�¸¯¹�ºS» ³'�¼³'������f����
��������0½q¾¿pÀ� Á � �
or a “transversemodecapacity”of °����ÃÂ��¿�¿pÄ�Å½Ær4t't (single)modesat a wavelengthof
702.2nm. In order to maximisethe overlapbetweensourcebrightnessandacceptance
function, the constraintsto the sourceareaaremuchmore relaxed, so this methodmay
successfullybeimplementedto obtaina strongsourcefor correlated(but not polarisation-
entangled)photons.

5 Summary

We presentedanexperimentalinvestigationof thefluorescencebrightnessin type-II para-
metricconversionfor differentorientationsof thepumpbeamrelativeto theopticalaxisof
a BBO nonlinearopticalcrystal.We foundgoodagreementbetweenour experimentsand
theangulardistributionscalculatedfrom thephasematchingconditions.We concludethat
collectionof correlatedphotonpairscanbeoptimisedby observingthesourcebrightness
function ����f����
���
����� , andadjustingthe free parametersthereinto the acceptanceregion
of a target modein phasespace.For collectingpolarisation-entangledphotonpairs, this
hasbeendemonstratedsuccessfully[26]. Optimisingcollectionof all the light form type-
II parametricdown conversionfor crystalorientationsleadingto well-separatedemission
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directionsof signalandidler light canresultin highefficiencieswhencouplinginto multi-
modefibres,but maybedifficult if thelight shouldbecollectedinto singlespatialmodes.
Whereasjust for thecreationof photonpairsotherrecentlydevelopedtechniquescouldbe
favourable[12, 13], up to now non-collineartype-II phasematchingseemsstill to be the
bestsourcefor polarisation-entangledphotons.
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