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CHAPTER 7

Po la riz a tio n e n ta n g le m e n t b e h in d s in g le -m o d e fi b e rs : s p a tia l

s e le c tio n a n d s p e c tra l la b e lin g

We stu d y th e lim ita tio n s to th e p o la riz a tio n en ta n glem en t o f p h o to n p a irs th a t a re gen er-

a ted v ia ty p e-I I sp o n ta n eo u s p a ra m etric d o w n -c o n v ersio n ( S P D C ) . B y em p lo y in g sin gle-

m o d e d etec tio n b eh in d o p tic a l fi b ers, w e d em o n stra te th e in c o m p leten ess o f th e m o d e-

m a tc h in g c o n c ep t p resen ted in R ef. [ 2 3 ] . U sin g free-sp a c e d etec tio n b eh in d a p ertu res a s

w ell, w e d em o n stra te th a t th e h igh er en ta n glem en t q u a lity o b ta in ed b eh in d sin gle-m o d e

fi b ers is d u e to th e rem o v a l o f th e sp a tia l la b elin g. I n a d d itio n , w e sh o w th a t th e resid u a l

sp ec tra l la b elin g a fter selec tio n w ith fi b ers is d u e to im p erfec t p h a se m a tc h in g.
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7. Po la riz a tio n e n ta n g le m e n t b e h in d s in g le -m o d e fi b e rs : s p a tia l s e le c tio n a n d s p e c tra l la b e lin g

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

Ty p e-I I s p on tan eou s p aram etr ic d own -c on vers ion in a n on lin ear birefr in g en t c r y s tal p rovid es

for a p op u lar s ou r c e of p olariz ation -en tan g led twin p h oton s in th e fi eld of ex p erim en tal q u an -

tu m op tic s an d q u an tu m in form ation [ 8 , 11, 15 , 5 8 ] . I n th is g en eration p roc es s , on e u n -

avoid ably en c ou n ter s both lon g itu d in al an d tran s vers e walk -off effec ts th at are c au s ed by

th e birefr in g en t n atu re of th e c r y s tal. Th es e m ak e th e p olariz ation s of th e twin p h oton s d is -

tin g u is h able th rou g h th eir tem p oral an d s p atial in form ation , res p ec tively . Th is is als o k n own

as labeling. I n ord er to res tore th e in d is tin g u is h ability an d th u s th e d eg ree of p olariz ation en -

tan g lem en t, Kwiat et al. [ 8 ] in trod u c ed a s im p le c om p en s atin g d evic e. I t c on s is ts of on e h alf-

wave p late an d two ad d ition al c r y s tals , id en tic al to th e d own -c on vers ion c r y s tal bu t of h alf th e

len g th . Th is d evic e is n ow c om m on ly u s ed in s everal ex p erim en tal s c h em es [23 , 24 , 5 6 , 8 1].

Th e d es c r ibed c om p en s atin g d evic e is n ot p erfec t. With its freq u en c y - an d an g le- d ep en -

d en t birefr in g en c e it c an m ak e th e p h as e fac tors of th e two c on tr ibu tin g bip h oton am p litu d e

fu n c tion s id en tic al. Th e am p litu de fac tors c an h owever s till be d ifferen t, wh ic h im p lies th at

th e obtain ed d eg ree of p olariz ation en tan g lem en t m ay s till s u ffer from labelin g , even wh en

c om p en s atin g c r y s tals are u s ed . I n th is c h ap ter we s tu d y th e lim itation s th at s p atial an d

s p ec tral labelin g im p os e on th e attain able q u ality of th e p olariz ation en tan g lem en t.

S p atial labelin g in form ation , wh ic h is d os ed by th e d etec ted an g u lar wid th of th e S P D C

lig h t, c an be eras ed by tran s vers e m od e s elec tion via s in g le- m od e fi bers before p h oton d e-

tec tion . Ku rts iefer et al. [23 ] s u c c es s fu lly p ion eered th is d etec tion m eth od to obtain both a

larg e p h oton - p air c ollec tion an d a h ig h q u ality of p olariz ation en tan g lem en t (≈ 9 6 % ) . H ow-

ever, th e g eom etr ic req u irem en t m en tion ed in R ef. [23 ] , bein g th e m atc h in g of p u m p an d fi ber

m od e, is n ot s u ffi c ien t. We will s h ow th at an op tim al y ield of p h oton p air s n eed s ex tra m atc h -

in g with a th ir d s p atial p aram eter. M oreover, th e ben efi t of fi ber d etec tion above th e m ore

c on ven tion al d etec tion beh in d ap ertu res was n ot h ig h lig h ted in [23 ] . I n th is c h ap ter we ex -

p lic itly d em on s trate th at s p atial labelin g p lay s a c r u c ial role in th e c om p aris on between th es e

two s c h em es , es p ec ially in relation to th e p olariz ation en tan g lem en t q u ality . F u r th er m ore, we

s h ow h ow p u m p beam p rop erties c an affec t th e en tan g lem en t m eas u red beh in d s in g le- m od e

fi bers .

7.2 T h e o r y

Th e th eoretic al d es c r ip tion of p olariz ation en tan g lem en t c reated u n d er ty p e- I I S P D C c an be

fou n d in C h ap ter 2. A s a rem in d er, we m en tion th at th e p olariz ation -en tan g led s tate at th e

in ter s ec tion s 1 an d 2 of th e two em itted S P D C lig h t c on es is g iven by th e c om p lete bip h oton

wavefu n c tion [ s ee als o E q . (2.7 ) ]

|Ψ〉 =
∫

dq1 dq2 dω1 dω2 {ΦHV (q1,ω1;q2,ω2) |H1,q2,ω1;V2,q2,ω2 〉+

ΦV H (q1,ω1;q2,ω2) |V1,q1,ω1;H2,q2,ω2 〉} , (7 .1)

wh ere in teg ration is over th e tran s vers e wavevec tors q1 an d q2 an d freq u en c ies ω1 an d

ω2. Th e s tate |H1,q1,ω1;V2,q2,ω2 〉 c orres p on d s to th e p res en c e of on e H- p olariz ed p h o-

ton with wavelen g th ω1 an d tran s vers e wavevec tor q1 in beam 1 an d its V- p olariz ed p artn er
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7.3 E x perimental resu lts

photon with wavelength ω2 and transverse wavevector q2 in beam 2. A potential difference

between the biphoton amplitude functions ΦHV and ΦV H is denoted as labeling and reduces

the quality of the polarization entanglement. For free-space detection with bucket detectors

behind apertures the degree of polarization entanglement is given by the biphoton visibility

[see also Eq. (2.8)]

V =
〈〈2Re(Φ∗

HV ΦV H)〉〉

〈〈|ΦHV |2 + |ΦVH |2〉〉
. (7.2)

The double brackets 〈〈· · · 〉〉 denote the six-fold integration over the momenta q1 and q2

and frequencies ω1 and ω2, determined by the two spatial apertures and the transmission

spectra of the two bandwidth filters, respectively.

In this chapter we also study the polarization entanglement observed behind single-mo de

fi ber s using fiber-coupled detectors [23, 56, 82]. In this case, the above equations remain

basically the same; only the biphoton amplitude functions Φi j will change into the projected

amplitude functions

αi j(ω1,ω2) =
∫ ∫

dq1 dq2 Φi j (q1,ω1;q2,ω2) ψ∗

fi b e r 1(q1)ψ∗

fi b e r 2(q2) . (7.3)

Here, ψfi b e r 1(q1) and ψfi b e r 2(q2) are the transverse mode profiles of the single-mode fibers

in beam 1 and 2. Similar to Eq. (7.2), the degree of polarization entanglement can now be

expressed as

Vfi b e r =
〈2Re(α∗

HV αV H)〉

〈|αHV |2 + |αVH |2〉
, (7.4)

where the single brackets denote a two-fold integration over the frequencies ω1 and ω2

only, over ranges determined by the transmission windows of the spectral filters in beam 1 and

2. It is obvious that Eq. (7.4) contains no spatial labeling information as the amplitude func-

tions αi j(ω1,ω2) depend only on frequency. In comparison with detection behind apertures,

detection behind single-mode fibers should thus result in a higher degree of polarization en-

tanglement. The sole limitation that can now potentially affect the polarization entanglement

is spectral labeling.

7.3 E x p erim enta l res ults

7.3.1 E x p e r im e n t a l s e t u p

The experimental setup is schematically depicted in Fig. 7.1. L ight from a cw krypton-ion

laser, operating at 40 7 nm, is focused on a 1-mm-thick birefringent β -barium borate (B B O )

crystal. The two cones of light that are emitted at 814 nm under type-II SPDC intersect

each other perpendicularly, thereby defining two slightly diverging light paths which are both

spaced at an angle of about 3◦ with respect to the pump beam. O ne half-wave plate and

two 0 .5-mm-thick B B O crystals (one in each arm) compensate for walk-off effects in the

down-conversion crystal. After passing through apertures the light is imaged by a f = 40

cm lens, positioned at 80 cm from the down-conversion crystal, to an intermediate focus,
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7. Polarization entanglement behind single-mode fibers: spatial selection and spectral labeling

Figure 7 .1 : Experimental setup. Lens LP focuses the pump beam on a birefringent BBO

crystal. A half-wave plate H WP and two compensating crystals cc form the standard

compensating device. Flip-mirrors allow for an easy switch between two detection

schemes. M irrors fl ipped up, solid paths: detection with fiber-coupled detectors F1 and

F2. Lenses L1 and L2 are u sed to direc t p ar allel beam s o nto th e fi ber - c o u p ling lenses.

M ir r o r s fl ip p ed do w n, dash ed p ath s: detec tio n w ith bu c ket detec to r s B 1 and B 2 . B o th

sc h em es h av e ap er tu res ap , p o lar iz er s P 1 and P 2 , and inter ferenc e/red fi lter s I R F.

where we have an on e-to-on e im ag e of the g en eratin g area on the B B O . F lip -m irrors p lac ed

at this foc u s allow for eas y s witc hin g between ou r two d etec tion s ys tem s . When the m ir-

rors are fl ip p ed u p , lig ht is d irec ted in to 2 -m -lon g s in g le-m od e fi bers , via im ag in g len s es

an d f = 1 1 m m c ollec tin g len s es , before bein g d etec ted by fi ber-c ou p led c ou n tin g m od -

u les (P erk in E lm er S P C M -AQ R -1 4 -F C ) . S p atial s elec tion is n ow obtain ed m ain ly from the

fi bers , bu t als o s om ewhat from the ex tra ap ertu res that are p os ition ed between c rys tal an d

fl ip -m irrors . When the m irrors are fl ip p ed d own , p hoton s p rop ag ate d irec tly to bu c k et d e-

tec tors (P erk in E lm er S P C M -AQ R -1 4 ) an d on ly the m en tion ed ap ertu res ac c ou n t for s p atial

s elec tion . I n both s ys tem s p olariz ers an d in terferen c e fi lters (∆λ =1 0 n m ) are u s ed for p olar-

iz ation an d freq u en c y s elec tion , res p ec tively. A very fas t elec tron ic c oin c id en c e c irc u it with

a tim e win d ow of 1 .7 6 n s rec eives the d etec tor s ig n als an d m eas u res the rate of en tan g led

p hoton p airs .

7.3.2 M o d e m a t c h in g

D etec tion of S P D C lig ht behin d s in g le-m od e fi bers will g en erally res u lt in a relatively low

yield of en tan g led p hoton p airs s in c e the d etec tors p er d efi n ition obs erve on ly on e of the m an y

g en erated tran s vers e m od es . T he c harac teriz ation of the fi ber-c ou p lin g effi c ien c y in term s

of ex p erim en tal p aram eters has been s tu d ied in [ 5 6 , 8 2 ] . T he op tim al c ollec tion of p hoton

p airs behin d s in g le-m od e fi bers has been ex p erim en tally d em on s trated by Ku rts iefer e t a l.

[ 2 3 ] , who s howed that tran s vers e m atc hin g of the p u m p m od e an d the fi ber-d etec ted m od e is

n ec es s ary. We will n ow d em on s trate that his d is c u s s ion of m od e m atc hin g is in c om p lete an d
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7.3 E x p e rim e n ta l re s u lts

Ta b le 7 .1 : Measured count rates and visibilities for different geometries of the fiber-

detection scheme.

wp(µm) w f (µm) Rs(103s−1) Rm a x (103s−1) V4 5 ◦(%) V135 ◦(%)

280±10 65±5 10.5 1.53 97.5 99.2

68±2 65±5 247 58.9 98.3 98.4

33±1 154 20.7 95.3 95.6

30±1 65±5 294 40.9 98.2 97.4

33±1 223 23.3 95.8 96.5

support this statement with explicit measurements.

According to Kurtsiefer et al. [23], mode matching only refers to the matching of the

pump waist wp and the width w f of the back-traced image of the fiber on the down-conversion

crystal: wp ≈ w f . If wp > w f near-field losses will occur as some of the produced photon

pairs are invisible to the back-traced fiber image. The condition wp < w f creates compara-

ble losses as this corresponds to a situation where the angular spread of the SPDC light is

certainly larger than the far-field size of the fiber mode. The underlying reason for the joint

near-field and far-field match is that the fiber selects a true single transverse mode in both r-

and k-space, in contrast to the mode selection in r-space performed by apertures.

The matching condition wp ≈ w f is not sufficient. Full mode matching requires additional

matching to a third spatial parameter, namely the (maximum) internal transverse walk-off ww

between the ordinary and extra-ordinary beam (equivalent to ρL in Sec. 2.2.2), making the

full matching condition wp ≈ w f ≈ ww. If (wp ≈ w f ) < ww the fiber cannot simultaneously

match the different near-field profiles of the ordinary and extra-ordinary light. On the other

hand, the condition (wp ≈ w f ) > ww implies a limited observation of the SPDC pattern in

the far field, as ww is Fourier-related to the angular width of the SPDC light [see Eq. (2.6)].

We will now experimentally demonstrate the mode matching of the above three parameters

to obtain an optimal yield of photon pairs behind single mode fibers.

Table 7.1 shows the typical single count rates Rs, coincidence count rates Rm a x and vis-

ibilities V that are measured for different geometries in the fiber-detection scheme (aperture

fully open at d = 17 mm). The pump waist wp is realized by the choice of the proper pump

focusing lens Lp. The two fiber-detected waists w f = 33 µm and w f = 65 µm are obtained

with f = 10 cm and f = 20 cm imaging lenses L1, respectively (see Fig. 7.1). The transverse

walk-off in our 1-mm-thick BBO crystal is ww ≈ 70 µm.

In the case of wp = 280 µm and w f = 65 µm, where the pump waist wp is neither matched

to w f nor to the walk-off ww, we measure a coincidence rate of Rm a x = 1.53× 103 s−1. If

we now reduce the pump waist to wp = 68 µm but keep the same w f , such that all three

parameters are matched, we measure an almost 40 times higher rate of Rm a x = 58.9×103 s−1.

Table 7.1 obviously shows that a further reduction of the pump waist to wp = 30 µm destroys

the complete matching and therefore yields a lower rate of Rm a x = 40.9×103 s−1. If we also
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7. Po lariz atio n entang lement b eh ind sing le-mo d e fi b ers: spatial selec tio n and spec tral lab eling

switch to a smaller fiber-detected waist of w f = 33 µm in the latter case, such that again wp

≈ w f , we obtain an even lower coincidence rate of Rmax = 23.3×103 s−1. This clearly shows

that the matching condition wp ≈ w f is not sufficient for an optimal collection of photon pairs.

Instead, we have hereby demonstrated that a joint matching of all three parameters is needed

to obtain the maximal pair rate of Rmax = 58.9× 103 s−1. Operating at a pump power of

207 mW, this rate corresponds to a slope efficiency of Rmax ×2×1.7/207 = 970 s−1mW−1.

The factors 2 and 1.7 correct for the use of polarizers and interference filters, respectively

(see discussion around Fig. 7.4). Our measured efficiency then compares well to the value of

900 s−1mW−1 that was obtained by Kurtsiefer et al. [23] in absence of both polarizers and

interference filters .

7.3.3 F r ee-s p ace detection ver s u s fi b er -cou p led detection

N ext we compare both the degree of polarization entanglement and the coincidence rate ob-

tained with free-space detection behind apertures on the one hand and with fiber-coupled de-

tectors on the other hand (see Fig. 7.1 for setup). The degree of polarization entanglement can

be deduced from the maximum coincidence count rate Rmax and the minimum coincidence

count rate Rmin , measured upon rotation of polarizer 2 at fixed orientation ϕ1 of polarizer 1.

The degree of entanglement is then given by the coincidence fringe visibility

Vϕ1
≡

Rmax −Rmin

Rmax +Rmin

. (7.5)

In the natural crystal basis we measure typically V0◦ ≈ V9 0◦ = 99.4± 0.3%. Only the

visibilities V45◦ and V135◦ are closely related to the experimental implementation of Eq. (7.2)

and Eq. (7.4).

Table 7.1 shows a measured visibility of V = 98.4% for the best-matched geometry of

the fiber-detection scheme. In contrast, free-space detection yields only V = 80.0% under

the same conditions (d = 14 mm and wp = 68 µm). We can, however, improve the entan-

glement quality attained with free-space detection to that of the fiber-detection scheme, if

we detect behind sufficiently small apertures. For instance, we already measure a visibility

of V = 90.0% behind 9 mm apertures, whereas we even obtain a value of V = 97.0% be-

hind 4 mm apertures. In Figure 7.2 we show the visibilities V45◦ and V135◦ measured as a

function of the aperture diameter d for both detection schemes, using wp = 68± 1 µm and

w f = 65± 5 µm. For free-space detection, we clearly observe the “ dramatic” increase in

visibility with decreasing aperture sizes mentioned above. For fiber-coupled detection, we

measure (much) higher visibilities of at least V = 97.5% for all considered aperture sizes.

We ascribe this strong contrast in entanglement quality between the two detection schemes to

the removal of spatial labeling by the mode-selective character of the fibers. In fact, the fibers

select a pure fundamental transverse mode in both r and k-space, irrespective of the aper-

ture size, which explains the constantly high visibilities shown in Fig. 7.2. Instead, apertures

perform mode selection only in the transverse r-space, which leads to enhanced polarization

distinguishability and thus lower visibilities for larger apertures.

U nfortunately, the improvement of the entanglement quality for detection behind smaller

apertures (see Fig. 7.2) is unavoidably accompanied by a drastic loss of signal strength.

Whereas the visibility increases from V = 80.0% at 17 mm apertures to V = 90.0% at 9
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7.3 Experimental results

Figure 7.2 : Visibilities V45◦ (filled marks) and V13 5◦ (open marks) measured as a func-

tion of aperture diameter d (at 8 0 cm from the cry stal) for detection behind single-mode

fibers (sq uares) and apertures (circles) at wp = 68 µm a n d w f = 65 µm. T he a rro w

a t d = 7.5 mm ma rk s the ty p ic a l s iz e o f the fi b er mo de in the a p ertu re p la n e, b ein g the

dia meter a t whic h the s in g le c o u n t ra te wa s redu c ed to 5 0 % o f its ma x imu m v a lu e.

mm ap ertu res an d V = 97 .0% at 4 mm ap ertu res, th e c oin c id en c e rate d rop s from Rmax =

15 6× 103 s−1 to Rmax = 90.0× 103 s−1 an d Rmax = 10.6× 103 s−1, resp ec tively. We c an

en h an c e th e p h oton yield somewh at, with ou t su fferin g in th e en tan g lemen t, b y in c reasin g

th e p u mp siz e. For a p u mp waist of wp = 2 8 0 µm in stead of wp = 68 µm, we measu re

a h ig h er rate of Rmax = 3 3 ×103 s−1 b eh in d 4 mm ap ertu res, th ereb y ob tain in g a visib ility

of V = 97 .7 % . Th is imp rovemen t in c oin c id en c e c ou n ts is ex p lain ed b y th e smaller S P D C

d iffrac tion an g le, i.e., th e an g u lar sp read in on e of th e two b eams th at c orresp on d s to a fi x ed

an g le in th e oth er b eam, as also ob served in c oin c id en c e imag in g [ 3 0, 3 1]. U n d er th is wid e-

b eam c on d ition , free-sp ac e d etec tion seems to b e favorab le ab ove fi b er- c ou p led d etec tion ,

wh ere we measu red on ly Rmax = 1.5 3 ×103 s−1 u sin g th e same wp = 2 8 0 µm. H owever, th e

b est-matc h ed g eometry of th e fi b er- d etec tion sc h eme still remain s most b en efi c ial as it c om-

b in es a h ig h visib ility of V = 98 .4% with a h ig h c oin c id en c e rate of Rmax = 5 8 .9× 103 s−1

(see Tab le 7 .1).

To su mmariz e, free-sp ac e d etec tion is most u sefu l wh en a larg e yield of p h oton p airs

is n ec essary wh ile a h ig h p olariz ation en tan g lemen t q u ality is less c r u c ial. If on e wan ts

to imp rove th e d eg ree of en tan g lemen t ob tain ed b eh in d ap ertu res, on e will in evitab ly loose

some of th e g en erated c oin c id en c e p airs. I n th is resp ec t, we h ave d emon strated th at th e b est-

matc h ed g eometry (u sin g wp = 68 µm an d w f = 65 µm in ou r c ase) in th e fi b er- c ou p led

d etec tion sc h eme is most p romisin g wh en b oth h ig h en tan g lemen t q u ality an d h ig h c ou n t

rates are ac c ou n ted for.

7.3.4 S p e c t r a l la b e lin g

We will n ow foc u s on th e limitation s to th e p olariz ation en tan g lemen t th at is measu red via

fi b er- c ou p led d etec tion ; th ese limitation s mu st b e attr ib u ted to freq u en c y lab elin g on ly [see
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Eq. (7.3)]. A detailed look at Fig. 7.2 shows that the visibility measured with this scheme is

not perfectly 100% and even drops very slightly with increasing aperture sizes. M oreover,

we obtain similar visibilities when using 10 m fiber instead of the usual 2 m, which confirms

the complete removal of spatial labeling and the presence of spectral labeling only.

M athematically speak ing, the reduction of entanglement quality due to spectral label-

ing can only be explained by differences between the two projected amplitude functions,

i.e., αHV (ω1,ω2) 6= αV H(ω1,ω2). As the projected amplitude functions can be written as

αi j(ω1,ω2) = Ep(ω1 + ω2) · φi j(ω1,ω2), the frequency labeling must be contained in the

asymmetry of the phase-matching functions, i.e., φHV (ω1,ω2) 6= φV H(ω1,ω2); the spectral

pump profile Ep(ω1 + ω2) does not contain any polarization labels. B elow we will discuss

experimental results that specifically show that phase matching indeed causes the spectral

labeling and thus the limited entanglement quality.

First of all, Table 7.1 shows that the visibility decreases from roughly V = 98% to V =
96%, for both the focusing conditions wp = 30 µm and wp = 68 µm, when the size of the

observed pump region is reduced from w f = 65 µm to w f = 33 µm . The reduction in this

near-field size corresponds to an increase of the fiber-detected SPDC crossing area in the far

field. As a larger observation angle also implies a larger detected spectral bandwidth [23],

we will operate further from the thin-crystal limit. In this respect, it is not surprising that the

degree of entanglement will suffer even more from the above phase-matching asymmetry.

A second contribution to the spectral labeling could be a (slight) misalignment of the op-

tical fibers. If the fibers are not properly centered around the degeneracy points of the cross-

ing area, the H- and V -polarized spectra will be different because of the frequency matching

(ω1 + ω2 = ωp) that is associated with the energy conservation. This again leads to differ-

ent phase-matching functions φHV and φV H which creates labeling of the two polarizations.

Furthermore, even if the fiber alignment is perfect, the degree of entanglement may still suf-

fer from the slightly different bandwidth of the H- and V -polarized light, which we have

measured and discussed in Chapter 4 [53].

Intriguingly, we have also observed a limitation of the degree of entanglement due to the

power of the pump laser. In Fig. 7.3 we show the visibility measured as a function of the pump

power in the fiber-detection scheme, either using ∆λ =10 nm (FWHM ) interference filters

(dots) or no filters (squares). Here, the apertures are fully open (at d = 17 mm), wp = 68 µm

and w f = 65 µm. With interference filters we measure visibilities of V ≈ 98% at low pump

powers which drop to V ≈ 97% at a power of ≈ 300 mW. When these filters are removed,

the reduction from V ≈ 96% to V ≈ 92% in the same power range is more drastic. The

observed visibility drop is probably related to a modified pump profile as a result of changes

in the temperature and gain guiding in our K r+ laser with increased output power. Using a

shear interferometer (M elles G riot Wavealyzer) we have observed that an increase in pump

power is accompanied by both a larger beam divergence and a transition from a circular

to an elliptical cross-section with V/H ratio ≈ 1.2. This modified pump profile changes

the biphoton amplitude function Φi j [see Eq. (7.3)] and thereby its spatially-integrated form

αi j(ω1,ω2) and the corresponding phase-matching function φi j(ω1,ω2). The exact analysis

of the observed behaviour in Fig. 7.3 in relation to the beam profile goes beyond the scope of

this chapter.

In Fig. 7.4 we show the measured coincidence rates Rmax as a function of the pump power,

obtained with and without interference filters in the best-matched fiber-detection geometry. In
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7.3 E x perimental resu lts

Figure 7 .3 : Averaged visibility (V45◦ +V135◦)/2 m e asu re d as a fu n c tio n o f th e p u m p

p o w e r, w ith ∆λ = 1 0 n m in te rfe re n c e fi lte rs ( d o ts) an d w ith o u t in te rfe re n c e fi lte rs

(sq u are s) in th e b e st- m atc h e d ge o m e try o f th e fi b e r- d e te c tio n sc h e m e .

Figure 7 .4 : C o in c id e n c e rate s Rm a x m e asu re d as a fu n c tio n o f th e p u m p p o w e r, w ith

∆λ = 1 0 n m in te rfe re n c e fi lte rs ( d o ts) an d w ith o u t in te rfe re n c e fi lte rs (sq u are s) in th e

b e st- m atc h e d ge o m e try o f th e fi b e r- d e te c tio n sc h e m e .

absence o f th e fi lters w e m easu re 1.7 tim es h igh er co incid ence rates, w h ich w e m ainly ascribe

to th e signal gain o f 1/(0.8)2 = 1.56 th at w e calcu late fr o m th e T = 80% p eak transm issio n

o f bo th fi lters. T h e resid u al gain o f 1.7 /1.56 ≈1.1 agrees w ell w ith th e ex p ected band w id th

increase by a facto r o f 1.15 w h ich is based o n th e natu ral S P D C band w id th o f ∆λS P D C =
11.5 nm (see C h ap ter 4 ) th at w e d etect w ith o u t ∆λ = 10 nm fi lters. T h e sm aller d etectio n

band w id th o f ∆λ = 10 nm , w h ich is asso ciated w ith less sp ectral labeling, also ex p lains th e

so m ew h at h igh er v isibilities o btained w ith interference fi lters (see F ig. 7 .3 ) . O n th e o th er

h and , th e fact th at ∆λ is ju st sm aller th an ∆λS P D C ind icates th at w e are no t y et o p erating

su ffi ciently far in th e th in-cry stal lim it and p h ase m atch ing co u ld th u s still lim it th e attainable
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7. Po la riz a tio n e n ta n g le m e n t b e h in d s in g le -m o d e fi b e rs : s p a tia l s e le c tio n a n d s p e c tra l la b e lin g

entanglement q uality.

Finally, Fig. 7.4 shows a clear saturation of the coincidence rate at higher pump powers,

which was also observed by Kurtsiefer et a l. [ 2 3]. This saturation is probably caused by the

increased pump divergence mentioned above. A s a larger pump divergence implies a larger

SPDC diffraction angle, the photon-pair collection within the same aperture will be reduced

and saturation will occur. We note that the presented count rates are still low enough to keep

saturation effects due to detector deadtimes below the few-percent level.

7.4 C o n c lu s io n

We have investigated the limitations to the polariz ation entanglement in a type-II SPDC setup

that employs both free-space detection behind apertures and single-mode detection behind

optical fibers. We have demonstrated that optimal photon-pair collection with the latter

scheme req uires matching to a third parameter, being the birefringent walk-off, apart from

the matching of the pump waist and the fiber-detected waist [ 2 3]. We ascribe the higher en-

tanglement q uality that is measured with the fiber-detection scheme to the erasure of spatial

labeling by the single-mode fibers. The remaining spectral labeling comes in essence from

imperfect phase matching.
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