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CHAPTER 4

In c re a s e d p o la riz a tio n -e n ta n g le d p h o to n fl u x v ia th in n e r

c r y s ta ls

We an alyz e th e s c alin g law s th at go ver n th e p r o d u c tio n o f p o lar iz atio n -en tan gled p h o to n s

via typ e-I I s p o n tan eo u s p ar am etr ic d o w n - c o n ver s io n ( S PD C ) . We d em o n s tr ate ex p er i-

m en tally th at th in n o n lin ear c r ys tals c an gen er ate a h igh er n u m b er o f en tan gled p h o to n s

th an th ic ker c r ys tals , b as ic ally b ec au s e th ey gen er ate a b r o ad er s p ec tr u m .

P.S .K . L ee, M .P. van E x ter, an d J.P. Wo er d m an , Ph ys . R ev. A 70, 0 4 3 8 1 8 ( 2 0 0 4 ) .
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4. In c re a s e d p o la riz a tio n -e n ta n g le d p h o to n fl u x v ia th in n e r c r y s ta ls

4.1 I n t r o d u c t io n

Spontaneous param etr ic d own-c onversion (SP D C ) h as bec om e th e stand ard tool to g ener-

ate entang led ph oton pairs for ex perim ental stud ies on th e found ations of q uantum m ec h an-

ic s [ 6 – 8 ] . Th ese ph oton pairs c an be sim ultaneously entang led in energ y, m om entum , and

polariz ation (for type-II SP D C ), but th e use of polariz ation entang lem ent is m ost popular d ue

to its sim plic ity. A lth oug h th e m ath em atic al d esc r iption of th e g enerating proc ess is well

k nown [20 , 3 5], we th ink th at its ph ysic al im plic ations are not yet fully ex ploited . We h ereby

refer spec ifi c ally to th e th ic k ness of th e nonlinear c rystal, wh ic h for B B O is g enerally c h osen

between 0 .5-3 m m with out any furth er justifi c ation [8 , 23 ] . In th is paper, we will d isc uss th e

role of th e c rystal th ic k ness in term s of sim ple sc aling laws and sh ow th at th e prod uc tion rate

of entang led pairs c an ac tually be inc reased c onsid erably by red u c ing th e c rystal th ic k ness

(to 0 .25 m m in our c ase). O ur treatm ent is restr ic ted to th e c ase of a c w pum p, but c an be

ex tend ed to pulsed pum ping .

Th e th eoretic al d esc r iption of type-II SP D C is c entered around th e two-ph oton wave func -

tion Φ(qo,qe;ωo,ωe), wh ic h q uantifi es th e probability am plitud e to g enerated a ph oton pair

with transverse m om entum qi and freq uenc y ωi, for th e ord inary (i = o) and ex tra-ord inary

(i = e) polariz ation, respec tively. Stripped d own to its bare essentials th is two-ph oton wave

func tion is

|Φ(qo,ωo;qe,ωe)| ∝ Lsinc (∆φ) , ( 4 .1 )

wh ere L is th e c rystal th ic k ness, sinc (x) = sin(x)/x, and ∆φ = L∆k is th e ph ase m ism atc h .

If th e pum p laser is an alm ost plane-wave beam at norm al inc id enc e, c onservation of energ y

and transverse m om entum req uires th at ωo + ωe = ωp and qo + qe = 0, and ∆φ bec om es

a func tion of one freq uenc y and transverse m om entum only. Th is func tional d epend enc e

is suc h th at th e two polariz ed c om ponents are em itted in ang ular c ones th at are d isplac ed

with respec t to th e pum p over an ang le ±θoff and th at are approx im ate m ir ror im ag es of

eac h oth er (at ωo ≈ ωe). We c onsid er SP D C em ission c lose to freq uenc y d eg enerac y, wh ere

ωe ≡ ωp/2 + δωe with δωe ¿ ωp/2 and ωp as pum p freq uenc y, and lineariz e th e ph ase

m ism atc h around an orth og onal c rossing of th e two SP D C c ones (set by th e c rystal ang le)

to [3 5, 4 8 ]

∆φ = L∆k ≈
(

∂∆k

∂ωe

δωe +
∂∆k

∂θx

δθx +
∂∆k

∂θy

δθy

)

L ≈ 2π

(

− δλe

∆λS P C D

+
δθr

∆θS P D C

)

, ( 4 .2)

wh ere δθr m easures th e ang le c h ang e in th e rad ial d irec tion. A s th e partial d erivatives

of ∆k are d eterm ined by m aterial c onstants, both th e spec tral wid th ∆λS P D C (at fi x ed ang le)

and th e ang ular wid th ∆θS P D C (at fi x ed freq uenc y) are inversely proportional to th e c rystal

th ic k ness L. M ore spec ifi c ally, th e prod uc t ∆λS P D C ×L ≈ λ 2/[ng r,o−ng r,e(θ)] (with λ = 2λp)

d epend s on th e d ifferenc e between two g roup refrac tive ind ic es [53 ] , wh ereas th e prod uc t

∆θS P D C ×L = λ/
√

2ρ d epend s on th e internal walk -off ang le ρ .

Typic al num bers for type-II SP D C in B B O , wh ere d own-c onversion from 4 0 7 to 8 1 4 nm

req uires a c ut-ang le of about 4 1 .2◦, are as follows. C onversion of th e literature values for

th e refrac tive ind ic es to g roup ind ic es g ives ∆λS P D C × L ≈ 1 1 .5 nm .m m . With an internal
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4.2 M easurem ents and results

walk-off angle ρ = 72 mrad (corresponding to an offset angle θoff = 57 mrad), the product

∆θSPDC×L≈ 8.0 mrad.mm. N ote that ∆λSPDC and ∆θSPDC are specified in terms of the width

of the SPDC signal from its peak value to the first minimum of its sinc2-shaped intensity

profile, making the full widths at half maximum (FWH Ms) 0.89 times as large.

The simple equations (4.1) and (4.2) already present the essential scaling behavior of

SPDC. For a fixed and sufficiently small detection bandwidth and opening angle, E q. (4.1)

shows that the number of detected photon pairs (∝ |Φ|2) scales as L2 and thereby increases

rapidly with crystal thickness. H owever, as the angular width of the SPDC rings is propor-

tional to 1/L, the useful crossing areas scale as 1/L2 and the number of photon pairs within

these areas (and within a fixed spectral bandwidth) is independent of the crystal thickness.

Furthermore, as the SPDC bandwidth is also proportional to 1/L the spectrally-integrated

power is expected to scale as 1/L, being considerably larger for a thin crystal than for a

thicker one.

The scaling behavior described above should work not only for free-space detection be-

hind apertures but also for fiber-coupled detectors, under the condition that three relevant

transverse sizes are matched [23]. Specifically, optimum collection efficiency is obtained

when the size of the backward propagated fiber mode is matched to the size of the pump spot.

Both these sizes should be roughly equal to the transverse beam walk-off Lρ to create the

best overlap between the SPDC emission and the fiber mode. U nder these matching condi-

tions the spectrally-integrated photon yield for a fiber-coupled system should also scale as

1/L [54]. In this chapter, we will present experimental data for free-space detection only.

For pulsed instead of cw pumping the described scaling behavior remains basically the

same. Although the phase mismatch in E q. (4.2) will acquire an extra term of the form

L(∂∆k/∂ωp)δωp, the scaling of the SPDC angular and spectral width remains unchanged,

making the number of useful entangled pairs again proportional to 1/L. For more sophis-

ticated experiments that require two simultaneously entangled photon pairs there is a catch:

as the two pairs should be temporally coherent the increased spectral bandwidth ∆ωSPDC can

only be capitalized on if it remains below than the inverse pulse duration. At fixed detection

bandwidth and with the proper angular scaling the SPDC yield and the production rate of

double pairs will in fact be independent of the crystal thickness.

4.2 M e a s ure m e nts a nd re s ults

The experimental setup is shown in Figure 4.1. L ight from a cw krypton ion laser operating

at 407 nm is mildly focused (spot size ≈ 0.3 mm) onto a 0.25-mm-thick type-II BBO crystal

(cutting angle 40.9 ◦) which is slightly tilted to generate “ orthogonal crossings” (separated by

2θoff). A half-wave plate and two compensating crystals (of 0.13-0.14 mm thickness) com-

pensate for the longitudinal and transverse walk-off of the SPDC light. In the two intersection

lines of the emission cones, collimating lenses of f = 20 cm are placed at 20 cm from the

generating crystal, directly followed by apertures (diameter up to 5 mm) acting as spatial

selectors. This compact setup facilitates the collection of photons in a large space angle.

The light emerging from the apertures is focused by f = 2.5 cm lenses onto free-space single

photon counters (Perkin E lmer SPCM-AQ R -14). Polarizers and interference and/or red filters

are used for polarization and spectral bandwidth selection, respectively. Finally, an electronic
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4. Increased polarization-entangled photon flux via thinner crystals

circuit receives the output signals of the photon counters and records the coincidence counts

within a time window of 1.76 ns.

Figure 4 .1 : Schematic view of the experimental setup. A cw krypton ion laser oper-

ating at 407 nm pumps a 0.25 -mm-thick B B O crystal. T he generated photon pairs are

collected with f = 20 cm co llimatin g len ses (L 1 ) , sp atially selected b y ap ertu res an d

fo cu sed w ith f = 2.5 cm len ses (L 2 ) o n to sin g le p h o to n co u n ters (S PC ) . Walk - o ff effects

are co mp en sated fo r b y a h alf- w av e p late (H WP) an d tw o co mp en satin g cry stals (cc)

o f 0 .1 3 - 0 .1 4 mm th ick n ess. Po lariz ers (P) an d in terferen ce/red fi lters (I F /R F ) are u sed

fo r p o lariz atio n an d b an d w id th selectio n , resp ectiv ely .

Figure 4 .2 d ep ic ts our key m essage in th e form of two S P D C em ission p attern s for B B O

c rystals with th ic kn esses of ≈1 m m (m easured 0 .9 4 m m ) an d 0 .25 m m . T h ese p ic tures were

m easured with an in ten sifi ed C C D (P rin c eton I n strum en ts P I-M A X 512H Q ) p osition ed at

6 c m from th e B B O c rystal b eh in d an in terferen c e fi lter (5 n m sp ec tral wid th ) an d two b lue-

c oated m irrors th at b loc k th e p um p b eam ; n o im agin g len s was used . T h e left p ic ture sh ows

th at th e S P D C rin gs em itted b y th e 1-m m -th ic k B B O are relatively n arrow, h avin g a rad ial

wid th of ∆θSPDC = 10 .5±1.3 m rad (FWH M ). H owever, th is value is som ewh at larger th an th e

true wid th of th e rin gs sin c e b road en in g b y th e ≈ 0 .3 -m m -wid e p um p sp ot is still c on sid erab le

at 6 c m from th e B B O . We m easured th e true rad ial wid th of ∆θSPDC = 8.7 ±0 .7 m rad for

an in c reased B B O -C C D d istan c e of b oth 12 an d 24 c m . T h e righ t p ic ture sh ows th at th e

0 .25-m m -th ic k B B O em its m uc h wid er rin gs, with a m easured rad ial wid th of ∆θSPDC =
3 0 ±2 m rad (FWH M ) (also for 12 c m B B O -C C D d istan c e). N ote th at th e area with in th e

sm all b lac k c irc les d rawn in th is p ic ture is th e p art of th e c rossin gs selec ted b y 5 m m d iam eter

ap ertures (25 m rad ), b ein g ab out (25/3 0 )2
≈ 7 0 % of th e total c rossin g area. T h e m easured

rad ial wid th s for b oth c rystals are in good agreem en t with th e ex p ec ted values an d sc ale well

with th e c rystal th ic kn ess. For c om p arison , we n ote th at th e an gular d istan c e b etween th e

p um p an d th e c en ter of th e orth ogon al rin g c rossin gs is m easured to b e 57 ±1 m rad for b oth

c rystals, wh ic h in d eed agrees very well with th e th eoretic al value of θo ff (i.e., 57 m rad ).

Figure 4 .3 sh ows th e sp ec tral d istrib ution of th e S P D C ligh t, m easured for H- an d V -

p olariz ation in on e of th e b eam s (5 m m ap ertures). A fter sub trac tion of th e d ark c oun ts

(180 s−1) an d c orrec tion for th e sp ec tral effi c ien c y of b oth gratin g sp ec trom eter an d p h oton

c oun ter [55], we ob tain ed full wid th s at h alf m ax im a of 51 an d 4 4 n m for th e H- an d V -

p olariz ed sp ec trum , resp ec tively. T h ese n um b ers are in agreem en t with th e ex p ec ted value of

4 6 n m , an d also th e ob servation th at th e H-p olariz ed (o) sp ec trum is som ewh at wid er th an th e

V - p olariz ed (e) sp ec trum is as ex p ec ted [53 ] . T h ese ob served sp ec tral wid th s sc ale rough ly

with th ose rep orted in [23 ] , as th ey are in d eed ab out a fac tor of 8 larger th an th e n um b ers of

4 .60 n m an d 4 .0 6 n m , wh ic h are m easured for th e two un p olariz ed S P D C b eam s em itted b y
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4.2 M e a s u re m e n ts a n d re s u lts

Figure 4 .2 : SPDC emission patterns observed with an intensified CCD at 6 cm from

(left) a 1-mm-thick B B O crystal and (right) a 0.25-mm-thick one (no imaging lens is

used). T he black circles on the right picture surround the SPDC crossing area selected

by 5 mm diameter apertures. B oth pictures cover a space angle of 220×220 mrad.

Figure 4 .3 : M easured spectral distribution of the down-conversion light for H-(circles)

and V -polarization (dots). T he dark count level of 18 0 s−1 is indicated by the dashed

line. A fter correction for the efficiency of both spectrometer and photon counter, we de-

termined the central peak wavelength to be 8 15 nm and the peak widths (FWHM ) of the

H- and V -polarized light to be 51 and 44 nm, respectively. T he resolution of the spec-

trometer is 2 nm. T he solid curve (righthand scale) depicts the spectral transmission of

a 50 nm broad interference filter that we used.

a 2-mm-thick crystal in [23]. The rather prominent bump between 700 and 780 nm, which

is cut off on the low-wavelength side by a red filter (Schott G lass R G 715), is probably the

first side maximum of the sinc2-function, which is enhanced by the increased spectrometer

throughput and detector sensitivity at lower wavelengths [55].

When using detection with free-space (bucket) detectors, there is always a trade-off be-

tween photon yield and entanglement q uality. The finite size of the detection apertures as
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4. Inc reased p o lariz atio n-entang led p h o to n fl ux v ia th inner c ry stals

Ta b le 4.1 : Measured single count rates (sc), coincidence count rates (cc) and biphoton

fringe visibilities V45◦ for two aperture diameters and three spectral filters: red filter

RF, 50 nm and 10 nm interference filters.

1.4 mm aperture diameter

filter sc (103 s−1) cc (103 s−1) V4 5 ◦ (%)

RF 67.0 9.7 98.4

50 nm 44.9 7.8 99.0

10 nm 13.5 2.0 99.5

5 mm aperture diameter

filter sc (103 s−1) cc (103 s−1) V4 5 ◦ (%)

RF 847 198 91.1

50 nm 560 145 96.0

10 nm 145 29.6 98.0

compared to the size of the crossing regions can lead to entanglement degradation by spatial

labeling, whereas the finite detection bandwidth in relation to the emission bandwidth can

lead to degradation by spectral labeling. The choice of our apertures (maximal diameter 5

mm) is motivated by this trade-off. In the absence of compensating crystals the combination

of small apertures (diameter 1.4 mm) and narrow filters (spectral width 5 nm) still produced

high-quality polarization entanglement: the biphoton fringe visibility [8] observed with the

fixed polarizer oriented at 45◦ was V4 5 ◦ = 96%. However, a change to either a larger aper-

ture (5 mm) or a wider filter (50 nm) seriously reduced the entanglement quality, yielding

V4 5 ◦ = 75% and V4 5 ◦ = 41%, respectively, while the combination (5 mm & 50 nm) gave

V4 5 ◦ = 32%. These numbers clearly show that compensating crystals are also needed if one

combines a thin generating crystal with wide apertures or a large detection bandwidth. The

so-called “ thin-crystal limit” is a relative concept; it only applies when the crystal is thin

enough in relation to a g iv en d etec tion s c h em e.

In Table 4.1 we present the count rates and biphoton fringe visibilities V4 5 ◦ , when using

compensating crystals, measured for two aperture sizes and three different filter bandwidths

at a pump intensity of 187 mW. The table quantifies the trade-off between photon yield and

entanglement quality; higher count rates combine with lower entanglement quality. For all

2×3 presented cases the biphoton fringe visibility was measured to be > 99% for the H and

V projection (not in Table), but is generally less for the more critical 45◦ projection. Al-

though we observe a steady decrease with increasing angular detection width and/or spectral

bandwidth, V4 5 ◦ is at least 96% except for one case. Based on these numbers, we consider the

system with 5 mm apertures (25 mrad angular width) and 50 nm filters the most promising.

U nder these conditions we have measured single and coincidence rates of 560×103 s−1 and

145×103 s−1, respectively.
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4.3 C oncluding discussion

To demonstrate the high brightness of our thin crystal source, we compare above rates

with those obtained by us with a 1-mm-thick down-conversion crystal using 10 nm interfer-

ence filters and 4 mm diameter apertures placed at 80 cm from the crystal (5 mrad space

angle). For this setting, we measured singles and coincidence rates of 125×103 s−1 and

33×103 s−1, respectively, at V45◦ = 97.7%. As expected from the scaling laws, the 0.25-mm-

thick crystal yields roughly about a factor 4 more photons than a 1-mm-thick one.

To put the yield of our thin SPDC source (with 5 mm apertures and 50 nm filters) in

a broader perspective, we compare it with other SPDC sources reported in the literature.

The first “high-intensity” source [8] used a 3-mm-thick BBO crystal and detection behind

elliptical apertures (H×V sizes of 3×10 mm at 1.5 m from the crystal). This source produced

a coincidence rate of 10 s−1mW−1 (1500 s−1 at 150 mW pump power), which is almost 80×

lower than our obtained coincidence rate of 775 s−1mW−1. E ven an “ultrabright” source [22],

based on type-I SPDC and two stacked BBO crystals of 0.59 mm thickness each, which is

claimed to be 10× brighter than the one reported in [8], is still about 8× weaker than our

source.

Instead of detecting entangled photons behind apertures, the use of fi b er-cou p led de-

tectors has been introduced to several experimental schemes [23, 56, 57]. The first “high-

efficiency” source based on collection with fiber-coupled detectors used a 2 mm BBO crystal

to achieve a coincidence rate of as much as 900 s−1mW−1 in the low-pump-power regime

and w ithou t p olariz ers. The correct comparison is, however, with the system using polarizers

for which Fig. 5 in Ref. [23] gives a coincidence rate of 225 s−1mW−1 (obtained by division

of the 90×103 s−1 fringe maximum by the 400 mW pump power). Another source [56] used

a relatively thin crystal (0.5 mm BBO) to produce entangled photons at 200 s−1mW−1, while

a compact source (2 mm BBO) [57] achieved a similar rate of 220 s−1mW−1.

To make a fair comparison between our free-space source and these fiber-coupled sources,

we have to take into account the fact that fiber-coupled detection enables capturing of a larger

area of the ring crossings. Based on our selected space angle and the actual width of the

crossings (see Fig. 4.2), we expect a potential increase of our coincidence rate by about a

factor 1.5, when switching to fiber-coupled detection. In practice, however, the profit will be

only marginal due to the limited in-coupling efficiency in the fibers and the integration over

Gaussian mode profiles instead of the sharp-edge profiles of the apertures.

4.3 C o n c lu d in g d is c u s s io n

In conclusion, we have discussed the scaling behavior of SPDC emission as a function of

the thickness L of the generating crystal. We have found that the photon yield scales as

1/L if the detection angle and bandwidth are matched to the SPDC emission. A quantitative

comparison of our source, with a measured coincidence rate of 775 s−1mW−1 at V45◦ = 96%,

with existing sources reported in the literature (aperture and fiber-coupled), demonstrates that

the use of thinner down-conversion crystals indeed yields considerably higher photon rates

than thicker crystals.

How far can we go with the proposed scaling? If the yield continues to scale like 1/L an

infinitely thin crystal would give an infinitely strong signal. The ultimate limitation is that the

angular widths of the SPDC rings should be smaller than their radii to allow a discussion in
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4. Increased p o lariz atio n-entang led p h o to n fl u x v ia th inner cry stals

terms o f S PD C rin g s an d c ro ssin g s. B efo re th is limit is reac h ed , th ere is a p rac tic al p o in t o f

c o n c ern : th e c o mp en satin g o p tic s an d c o llimatio n len ses h ave to c o ver th e fu ll an g u lar wid th

o f th e rin g s, an d all th is h as to b e realiz ed with in a very limited o p en in g an g le ( o f 2×5 7 mrad ) .

T h is imp lies an u ltra-c o mp ac t setu p , wh ic h is even mo re c o mp lic ated b y th e fac t th at also th e

b eam d u mp fo r th e p u mp laser (n o t sh o wn in F ig . 4 .1 ) h as to b e ac c o mmo d ated . I n th is

resp ec t, th e stu d ied B B O th ic k n ess o f 0 .25 mm mig h t well b e c lo se to th e o p timu m.

4.4 A c k n o w le d g e m e n t s

We th an k R ak esh Partap sin g fo r h is ex p erimen tal c o n trib u tio n . T h is wo rk h as b een su p p o rted

b y th e S tic h tin g vo o r F u n d amen teel O n d erz o ek d er M aterie; p artial su p p o rt is d u e to th e

E u ro p ean U n io n u n d er th e IS T - A T E S I T c o n trac t.
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