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Spatial labeling in a two-photon interferometer
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(Received 31 March 2006; published 28 June 2006; corrected 6 July 2006)

We study the spatial coherence of entangled photon pairs that are generated via type-I spontaneous para-
metric down-conversion (SPDC). By manipulating the spatial overlap between the two down-converted beams
in a Hong-Ou-Mandel interferometer we observe the spatial interference of multiple transverse modes for an
even and an odd number of mirrors in the interferometer. We demonstrate that the two-photon spatial coher-
ence, which is quantified in terms of a transverse coherence length, differs completely for the two mirror
geometries and support this result by a theoretical and experimental explanation in terms of photon labeling.
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I. INTRODUCTION

In the last two decades, the use of entangled photon pairs
has become a popular tool for several experimental studies
on both the foundations [1-3] and applications [4,5] of quan-
tum mechanics. One of the most fascinating among these
experiments has been introduced by Hong, Ou, and Mandel
in order to measure the coherence length of a two-photon
wave packet produced under spontaneous parametric down
conversion [2]. In this original two-photon interference ex-
periment, which we will simply call the HOM experiment,
two entangled photons that arrive simultaneously at the two
input ports of a beamsplitter will effectively bunch and to-
gether exit one of the two output ports. As a consequence, no
coincidence events are measured between photon detectors
placed in each output channel. As soon as the two photons
become distinguishable due to a time delay between the two
input beams, the coincidence rate will reappear. Therefore,
the coincidence rate measured as a function of the relative
time delay shows a minimum at zero delay, which is now
known as the HOM dip.

Pittman et al. [6] showed that HOM interference is also
possible if the two photons arrive at different times at the
beamsplitter, provided that the detectors cannot distinguish
one probability path from another; the interference actually
occurs between the two probability paths of the photon pair
and not between the individual photons. Rarity and Tapster
[7] demonstrated that two-photon (HOM) interference is
even possible between two uncorrelated photons from inde-
pendent sources. This experiment, which has been repeated
by several groups [8,9], is however only possible if the two
photons are completely indistinguishable. More precisely,
these photons must arrive at the same time (within the in-
verse detection bandwidth) and in the same spatial mode.
Experimentally, this requires pulsed pumping [7] and single-
mode (fiber-coupled) detection, respectively. In case of cw
pumping, the existence of two-photon interference is in fact
a proof of time entanglement; while the individual arrival
times of the photons in the generated pairs are undetermined,
these two times are strongly quantum correlated. If the de-
tectors observe many transverse modes, a similar argument
shows that two-photon interference is only possible if the
two photons are spatially entangled; while the spatial profiles
of each of the photons is undetermined, a measurement on
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one photon codetermines the position and momentum of the
other.

Since its initial demonstration in 1987, the HOM interfer-
ometer has been employed in several experimental schemes.
Like the original experiment, most of these HOM experi-
ments focus merely on the temporal coherence of the two-
photon wave packet [9-11]. Only recently, some papers have
reported on the spatial aspects of the HOM experiment
[12-14]. Walborn et al. [12] have demonstrated how the
transverse spatial symmetry of the pump beam affects the
two-photon interference: for a symmetric two-photon polar-
ization state, one can make the transition from a HOM dip to
HOM peak by changing the pump profile from even to odd.
Caetano et al. [13] and Nogueira et al. [14] have performed
coincidence imaging experiments, measuring the coinci-
dence rate behind two small detectors as a function of their
transverse position. Using an antisymmetric pump profile,
they observed spatial antibunching of the two photons in the
coincidence image.

So far, all reported experiments have used perfect spatial
overlap between the signal and idler beams and studied the
two-photon interference mostly as a function of the temporal
delay in the HOM interferometer. Spatial aspects of a HOM
interferometer, in a collapsed type-II collinear geometry,
have been studied via the shape, size, and displacement of
the detection apertures, but the generated beams remained
unchanged [15]. The effect of a possible size difference be-
tween two nonoverlapping beams has been studied theoreti-
cally in few-photon interference [16], but beam displace-
ments were not considered. In this paper, we will present the
first experimental results on two-photon interference under
the influence of a physical separation of the signal and idler
beams in the transverse plane. For this purpose, we have
used a more general HOM interferometer which employs not
only a longitudinal but also a transverse displacement of one
beam with respect to the other.

By measuring coincidences as a function of the beam dis-
placement we determine the transverse coherence length of
the two-photon wave packet for different detection geom-
etries, i.e., different numbers of interfering transverse modes.
The key question is how the two-photon spatial coherence
manifests in an interferometer with either an even or an odd
number of mirrors in the combined signal and idler path. We
find that the mirror geometry of the interferometer does in-
deed play a crucial role. When the total number of mirrors is
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even, the observed spatial interference is sensitive only to the
sum of both coordinates and thereby to the profile of the
pump. In case of an odd number of mirrors, one probes the
two-photon coherence in the difference coordinate, and
thereby basically observes the spherical wavefronts of point
sources. Most of our experiments have been performed with
an odd number of mirrors, a geometry that has not been
studied before.

This paper is organized as follows. In Sec. II we present a
theoretical description of two-photon (HOM) interference for
both an even and an odd mirror geometry, including both
temporal and spatial degrees of freedom. Our experimental
results can be found in Sec. III, which is split into the fol-
lowing sections. After introducing the experimental setup in
Sec. III A, we present our experimental results on temporal
labeling in Sec. III B and on spatial labeling in Sec. III C. In
Sec. I D we analyze the spatial aspects from a different
perspective, using a discrete modal basis. We end with a
concluding discussion in Sec. IV.

II. THEORETICAL DESCRIPTION
A. The generated two-photon field

The calculation of the two-photon interference observed
in a general HOM interferometer, with a combined temporal
delay and transverse spatial shift in one of the arms, is
mainly a matter of good bookkeeping. This bookkeeping
deals to a large extent with the coordinate changes between
two reference frames. The laboratory frame, having its z axis
along the pump beam and the surface normal of the crystal,
is the natural choice for the generated field. The two local
beam frames that are oriented along the two beam directions
are the natural coordinate systems at the detectors. To sim-
plify the notation we will display only one spatial direction,
being the x coordinates in the plane through the signal and
idler beam.

We consider two-photon emission by spontaneous para-
metric down-conversion (SPDC) in the so-called thin-crystal
limit, where the detected space angle and spectral bandwidth
must be much smaller than the generated SPDC ring size and
bandwidth, respectively. In this limit, the generated two-
photon wave function is [17]

wz(xs,x,-;Aw)=fEp(x)h(xs,x;ws)h(xi,x;w,-)dx, (1)

where E,(x) is the field profile of the pump beam at z=0,
and x; and x; are transverse coordinates in the laboratory
frame.  The  one-photon  propagators  h(x,x;w,)
=1/(i\L,)? exp(ik,L,) and h(x;,x;w;)=1/(i\L;)* exp(ik,L;)
describe the propagation of the signal and idler photon from
the crystal to the detection plane. They contain the wave-
vector amplitudes k;;=w,;/c and the path lengths L, We
will consider almost frequency-degenerate SPDC, where the
frequency difference Aw=w;—w; and where the sum w;
+w;=w,=ck, is fixed by the quasimonochromatic pump.
Next we introduce “beam coordinates” dx, and dx; that
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FIG. 1. Optical-path geometry of a HOM interferometer with
one mirror in the signal beam and two mirrors in the idler beam,
which also contains a displacement Ax. The five circles denote the
pump spot and four possible images thereof. These are used to
explain the occurrence of spatial labeling (see Sec. III C for details).

are defined with respect to the two beam axes in the signal
and idler direction, which themselves are oriented at angles
—0 and O with respect to the pump laser (see Fig. 1). Beam
coordinates are more convenient to evaluate the effect of
beam reflections and translations and have the extra advan-
tage that the coordinates dx,; remain relatively small. Sub-
stitution of dx,; for x,; in Eq. (1) immediately yields the
generated two-photon wave function in beam coordinates.
Working in the paraxial limit, we expand the path lengths as
Ly ;~L+|8x,;—x|*/2L=x0O. The term +x® describes how a
displacement at the crystal leads to a change of the signal
and/or idler path on account of the viewing angle.

By comparing the combined propagator of the two-photon
field with the one-photon propagator of the pump field to a
detection plane at a distance L behind the crystal, we can
solve the integration in Eq. (1) to obtain the relatively com-
plicated expression

1
P(Ox,, Oxj;Aw) = Epyz<5(5xs + Ox;) — y)
ik
X exp(lgfﬂéxs - ox)?

+4y(ox, + 5x,-)—472]>, 2)
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where E, . is the pump profile in the detection plane [18] and
y=LOAw/w, is a transverse displacement that appears only
for Aw# 0. The approximation is almost perfect and only
refers to the removal of a small phase term (<1) of the order
of (Aw/a)p)2 times the Fresnel number Ny of the detected
system.

Equation (2) gives a full description of the spatial and
temporal coherence of the generated two-photon field in the
considered thin-crystal limit. It shows among others that this
field has a completely different spatial coherence in the sum
coordinate Ox,+ dx; than in the difference coordinate ox;
—Ox;. Whereas the former is dictated by the profile of the
pump laser, the latter is characterized by the field curvature
of a point source. This difference is of vital importance in the
rest of our discussion and causes the very different behavior
of two-photon interferometers with an even or odd number
of reflecting mirrors (see Sec. II C).

If the detection bandwidth is too large to satisfy the quasi-
monochromatic limit, we should include the effects of y
# 0 in our discussion of Eq. (2). These effects are discussed
in Sec. II D. For the moment we will simply explain their
origin. The extra phase terms originate from the comparison
of the [exp(ikL) terms in the] propagators of signal, idler and
pump beams. The argument of the pump profile £, . depends
on Aw, because this argument can also be written as the
weighted sum (kyx,+k;x;)/k, of the signal and idler positions
x, and x; in the laboratory frame [18]. In the nonmonochro-
matic limit, the spatial and spectral degrees of freedom be-
come mixed, basically because the transverse momenta of
the signal and idler photon depend both on their emission
angle (= ¥ ©) and photon frequency w.

B. Two-photon interference

In a standard (HOM) two photon interferometer the signal
and idler beam are combined on a beamsplitter of which the
two output beams are filtered spectrally and spatially, before
being detected by two-photon detectors. The observed two-
photon interference is most easily described in the beam co-
ordinates x; and x, of the two local coordinate systems that
are centered around the two axes at detectors 1 and 2, respec-
tively. We thus need to express the detected two-photon field
Yge(X1, %23 Awy,) (With Aw,=w, - w,) in terms of the gener-
ated field. As coincidence counts in a HOM interferometer
can be generated by two possible routes, being either a re-
flection of both signal and idler photon at the beamsplitter or
a double transmission, we can symbolically express the de-
tected two-photon field as

Yaed X1, A1) == Ripy, () + T (-, (3)

where the intensity reflection R and transmission 7" are equal
to % only for the ideal beamsplitter. The coordinates in the
two-photon fields #,, and ¥, are left out on purpose. One
reason for this is that the transformation from detector to
crystal coordinates is different for the two possible routes.
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FIG. 2. Schematic view of the experimental setup (see text for
details).

Another reason is that the actual transformation also depends
on the number of mirrors and on the time delay Ar=AL/c
and transverse displacement Ax imposed in one of the inter-
ferometer arms.

The coincidence count rate R. observed behind spatial
apertures and spectral filters is found by integrating
|h4et(* **)|* Over the corresponding spatial and spectral coor-
dinates, as

R.= f dwdwydx dx| P (x1. %23 Aw o) . 4)

The interference between the two-photon fields #,, and i, is
contained in the cross terms of |/ This interference is
only present close to zero delay and perfect spatial overlap,
but disappears when either Az or Ax are sufficiently large. In
general we can thus write the coincidence count as

2RT

- —— Vhom(At, Ax)) . (3)

R.(A1,Ax) = Rc’w(l BT

In the rest of the discussion we will concentrate on the
temporal and spatial dependence of the visibility function
Viaom(At,Ax), which contains the interesting physics. The
factor Viy=2RT/(R>+T?) just specifies the “intensity unbal-
ance” between the two probability channels. The visibility
function

v - Re[2<¢rr| ¢tt>]
TN ) + i)

(6)

basically measured the spectral overlap between the two-
photon fields ¢,, and ¢, where we have used the shorthand
notation (- -*)=[dw,dw,dx,dx,. Alternatively, one could say
that Vyom measured the overlap between one two-photon
field (¢,,) and a modified version thereof (i), and can
thereby provide information on the spatial and/or temporal
coherence of this field. The physical interpretation of the
visibility function Vo) is that it quantifies the amount of
temporal and/or spatial labeling of the two photons. If any
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properties of the detected photons 1 and 2 allow one to de-
cide which photon took the signal path and which photon
took the idler path, this so-called labeling will remove the
interference between the two probability channels.

C. Why the number of mirrors matters

In this section we will highlight the difference between
two-photon interferometers with an even or odd number of
reflecting mirrors in the combined signal and idler path by
presenting detailed expressions of V(At¢,Ax) for both cases.
Based on these general expressions, Secs. IID and ITE
will separately treat the occurrence of temporal labeling
[Vuom(Ar) at Ax=0] and spatial labeling [Vyom(Ax) at At
=0], again using the distinction between an even and odd
number of reflections.

Figure 1 depicts a possible HOM interferometer, which in
this case has one mirror in the signal path and two mirrors in
the idler path and thus falls in the “odd” category. It is also a
sketch of the experiment, where we use 1+4 mirrors. The
idler path contains an adjustable transverse displacement Ax
(as shown) and an additional longitudinal displacement
AL=cAt (shown only in the experimental setup of Fig. 2).
The beams are labeled such that the doubly reflected path
links the coordinate indices (s« 1) and (i+2), making Aw
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=Aw,,, whereas the doubly transmitted path links (s« 2)
and (i« 1), making Aw=—Aw;,. The crucial point to note,
and the whole reason for the “odd or even” distinction, is
that every additional reflection in either signal or idler path
leads to an inversion of the corresponding beam coordinate
Ox <> —0x.

We will first consider an interferometer with one mirror in
the signal and one mirror in the idler path, i.e., with an even
number of mirrors. For this balanced interferometer the rela-
tion between the detected and generated two-photon field

[Eq. (3)] is
Yeven (X1, X2 A015) = = RiJ(xy, x5 + Ax; Awpy) e’
+ T(— xp,— X1 + Ax;— Awyp)e 1™,
(7)

where the longitudinal delay Ar and transverse displacement
Ax are both imposed on the idler beam. Note that the argu-
ments in the two contributions ., and i, are related through
a swap of the labels 1+ 2 in combination with an inversion
x;<=x; (for j=1,2). Substitution into Eq. (2) shows that the
two contributions have the dominant part of the exponential
factor in common, as dx,— dx;=x;—x,—Ax for both terms,
but differ in the argument in the pump field. For this “even”
geometry, the visibility function Vygy thus becomes

) ) N 1 1
RC|:2 J elA“’lete(’kp/L)ylexE]; Z(_ o+ —Ax)E ,(a + _AX):|
s 2 PZ 2

Veven(At7 Ax) =

J

where the integration runs over x;,xX,,®;, and w, and where
we have introduced a=—%(x1 +X,)+ Y1, as help variable, with
Y12=LOAw,,/ w,. The sensitivity of V., to a transverse dis-
placement Ax is thus found to be determined mainly by the
shape of the pump beam, in combination with the limitations
set by the finite integration range over the detection aper-
tures. Especially the symmetry of the pump beam under re-
flection in the yz plane plays a crucial role. If this beam is
symmetric under reflection, the two-photon interference will
result in the familiar HOM dip (Vyoum>0), if this beam is
antisymmetric a HOM peak (Vyonm<<0) will result instead
[12].

The above result applies to any geometry where the total
number of mirrors in the signal and idler beam is even. Of-
ficially, one should still distinguish two subclasses, but these
give basically the same result. If both signal and idler beam
contain an odd number of mirrors we obtain expressions
identical to the ones found above for the case of “1+1 mir-
ror.” If both signal and idler beam contain an even number of

1
EP’Z<— a+ EAx)

2 2 (8)

2
+

1
Ep’z(a + EAx)

mirrors all positions x; should be inverted, but V., is again
described by Eq. (8) with a new a=—%(x1 +X5) = V1o

Next we consider the interferometer of Fig. 1, which con-
tains one mirror in the signal path and two mirrors in the
idler path, and thus falls in the “odd” category. For this un-
balanced interferometer, the relation between the detected

and generated two-photon field [Eq. (3)] is

Yoaa(x 1,23 Awyp) = = Rp(x),— x, — Ax; Awyy)e 2
+ T(— xp,x; — Ax;— Awpp)e @12,

)

which differs from Eq. (7) only by a sign in the idler coor-
dinate Sx;. Substitution into Eq. (2) shows that the two terms
now have slightly different exponential factors, but almost
identical arguments in the pump field, as the combination
Ox,+ Ox; is the same for both ¢, and i, For this “odd”
geometry, the visibility function Vygy is
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Re(2 f eiAwlete—(izkp/L)y.zﬁe—(ikp/zL)(x,+xz)AxE;z(ﬁ - 2)Ep,z(:3 + 9 2))

Vodd(At’ AX) =

where the integration again runs over x,x,,;, and w, and
where we have now introduced B:%(xl—xz—Ax) as help
variable. The sensitivity of V44 to a transverse displacement
Ax is mainly determined by the exponential factor in Eq. (2),
again in combination with the limitations set by the finite
integration range over the detection apertures and pump pro-
file. The “odd” geometry thereby probes the two-photon co-
herence in the difference coordinate Ox,— dx;, whereas the
“even” geometry probed its coherence in the sum coordinate
Ox,+ O0x;. The above result again applies to all geometries
with an odd number of mirrors in the combined signal and
idler paths; Egs. (9) and (10) remain basically the same, apart
from some trivial minus signs and a possible redefinition

of B.

D. Temporal labeling

In this section we will discuss the temporal labeling in a
HOM interferometer with perfectly aligned beams (Ax=0),
but unbalanced arm lengths (Az#0). The calculated
Viaom(A?) is different for the two generic case, where the
total number of mirrors is either even or odd. Whereas the
even case exhibits only temporal labeling, the odd geometry
also exhibits a combined temporal and spatial labeling,
which can reduce Vygp even further.

We will start by analyzing the even case for a symmetric
pump [E, (x)=E, (-x)]. Substitution of Ax=0 in Eq. (8)
and removal of the spatial integration (under the assumption
that the shift y;, does not affect this integration in any seri-
ous way) yields

Re(f dw;e" 1T (w)) Th(w, - wl))

Veven(At) =

b}

f dwlTl(wl)TZ(wp - wy)

(11)

where T, and T, are the intensity transmission spectra of
filters located in front of the detectors 1 and 2, respectively.
We thus obtain the well-known result that the HOM dip has
the same shape, but is twice as narrow as the Fourier trans-
form of the product 7'(w;)T5(w,—w,) [11]. For identical fil-
ters with a sharp block-shaped transmission spectrum of

width Aw; centered around %wp, Eq. (11) yields

in(AwA
V() = SB0/8D) (12)

The full width at half-maximum (FWHM) of this visibility
function is 1.217/Aw= 1.21)\2/(2cA)\f). If the transmission

: (10)

f E,.(B= vl +|E, .(B+ v’

spectra of the filters are not properly centered, the product
T,T, will sharpen up and the temporal coherence of the de-
tected two-photon field will increase.

If the combined number of mirrors in the signal and idler
path is odd, we should substitute Ax=0 in Eq. (10) instead of
Eq. (8). It is now in general not possible to separate the
spatial and spectral integration, because the displacement
Y12%Aw;, appears both in the argument of E,, and in the
exponential factor exp[—(i2k,/L)vy;,B]. Separation is only
possible in two cases: if either the detection apertures are
small enough to sufficiently limit the integration range over
B, or if the displacement v, is sufficiently small, we retain
the result we had for the even case [Eq. (12)].

We will first discuss the physical origin of this combined
labeling, before quantifying what we mean with “sufficiently
small.” In general, the visibility V(Ar) decreases when the
time difference between the photons arriving at detector 1
and 2 allows one (even only in principle) to distinguish
which photon took the signal path and which one took the
idler path. The important point to note is that this time dif-
ference is only equal to the set value Arz=AL/c¢ for photon
pairs that originate from the center of the pumped region.
Photon pairs that originate from the outer parts of the
pumped region can experience an additional temporal delay
of typically Afeyy,=+20w,/c between their signal and idler
photon, for a Gaussian pump beam of waist w,. This delay
alone does not reduce the visibility, as the contributions on
either side of the pumped area can compensate each other,
and actually do so for the even case. For the odd case, this
extra term can lead to a degradation of the visibility, but only
if the integration in Eq. (10) is large enough, i.e., if the
apertures are opened wide enough in comparison to the
pump divergence. The degradation will be small only if
Awtexya <. This  criterium roughly translates into
Awi/ 0,< 0,/0, 6, being the far-field opening angle of the
pump laser.

From an experimental perspective, the extra term in Vg4
makes two-photon interferometers with an odd number of
mirrors more difficult to operate than interferometers with an
even number of mirrors. In practice, great care must be taken
to avoid the mentioned additional labeling. A two-photon
interferometer with an odd number of mirrors will only pro-
vide a good visibility for apertures much larger than the
pump size if three conditions are satisfied: (i) the spectral
filters should be narrow enough, (ii) the opening angle ©
should be small enough, and (iii) the pumped region should
be compact enough. Together these three conditions translate
into the requirement that the dimensionless ratio of the de-
tection bandwidth over the pump frequency should be much
smaller than the ratio of the pump divergence over the open-
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ing angle, i.e., Awf/wp<< 6'p/®. If this is not the case, the
combined spatial and spectral labeling will lead to a reduc-
tion of V_44(Ar=0) and a widening of the V 44(Ar) profile as
compared to Eq. (12). The precise amount of which depends
mainly on the dimensionless product (Aw//,)(®/6,) and to
a lesser extent on the position of the detectors in relation to
the near or far field of the pump.

E. Spatial labeling

Next we will discuss spatial labeling in a HOM interfer-
ometer with balanced arms (A¢=0) and sufficiently narrow
spectral filters to validate the quasimonochromatic (Aw=0)
limit. We again distinguish between interferometers with an
even and odd number of mirrors.

] [ [ anae

1
EN(E(XI —Xy+ Ax))

PHYSICAL REVIEW A 73, 063827 (2006)

For the “even” case, Eq. (8) can be easily solved if the
integration range over x; and x, is large enough to change
it into an effective integration of x;+x, and x;—x, over
[0, ], The integration simplifies even further when one
realizes that the overlap (1| ¢) between two wave functions
|y and |¢) does not change upon propagation, due to the
unitary character of the propagator h(x,x’). The visibility
Veven(Ax) is thereby found to be a direct measure for the
overlap of the pump profile with a displaced version thereof.
If this pump profile is a fundamental Gaussian function with

beam waist Wy, WE obtain the simple result
Veren(A%) = exp(= 30x°Nw7). (13)

For the “odd” case, we must substitute Az=0 and Aw=0
in Eq. (10) instead of Eq. (8) to obtain

exp 2L(XI +x,)Ax

Vodd(Ax) =~

f f dxldx2

If the aperture diameters are much larger than the size of
the pump beam in the detection plane, we can again rewrite
the integrations over x; and x, into integrations over x;+x,
and x;—x, and use x;=x, as the outcome of the latter inte-

gration to obtain
ik
RG{J dx,dy, exp(—fx,Ax) ]

deld)ﬁ

_ 2J1(1TdAx/()\2L))

mdAx/(\,L)

Vodd(Ax) =~

(15)

In the final step, we have expressed the integration over a
circular aperture with diameter d in terms of the first-order
Bessel function J;. We define the typical transverse coher-
ence length Ax,, as the full width at half-maximum
(FWHM) of V44(Ax), which is 1.16 times the peak-to-zero
width of Ax=1.22L(\,/d). The sensitivity of a two-photon
interferometer with an odd number of mirrors to transverse
displacement is thus found to be determined solely by the
size of the detecting apertures. More specifically, V 4q(Ax)
has the same shape, but is just twice as narrow, as the dif-
fraction limit at the crystal found for a uniform but focused
illumination of one of the detecting apertures with the de-
tected wavelength 2X ..

To arrive at Eq. (15) we had to assume that the aperture
sizes were large as compared to the size of the pump beam.
If only one of the two apertures satisfies this criterium, we
can still conveniently replace the integrations over x; and x,

2 (14)

1
EN(E(xl - X+ Ax))

by integrations over x;+x, and x;—x, and solve the latter.
For this case of asymmetric aperture sizes, the resulting Eq.
(15) thus remains valid. If the apertures have equal sizes, but
are not very large as compared to the size of the pump beam,
the aperture diameter in Eq. (15) should roughly be reduced
from its physical size d to an effective size d.;=~d-w to
account for the reduced detection efficiency of photon pairs
that fall close to the edge of either aperture. Here, w is the
size of the pump beam in the detection plane and thereby
one-half of the positional spread in one photon for a fixed
position of the other photon.

III. EXPERIMENTAL RESULTS
A. Experimental setup

Our experimental setup, representing a two-photon
(Hong-Ou-Mandel type) interferometer, is shown in Fig. 2. A
cw krypton ion laser operates at a wavelength of 407 nm and
emits 70 mW in a pure TEM,, mode. This light is mildly
focused (measured opening angle typically 6,~0.50 mrad
and waist w,~260 um) on a 1-mm-thick type-I BBO crys-
tal (cutting angle 29.2°). The crystal is tilted such that the
emitted SPDC cone extends over a full opening angle of 2
X 1.6° around the pump direction. Two entangled beams s
and i (signal and idler), selected from this light cone by
apertures behind a broadband beamsplitter at 1.20 m from
the crystal, serve as input channels of the beamsplitter. In
one of the two input beams, a reflecting open prism is placed
on top of two perpendicularly mounted translation stages to
enable accurate control of both the path-length difference AL
and the transverse beam displacement Ax, using motorized
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actuators. In most of the experiments, the output beams of
the beamsplitter are focused onto free-space single photon
counters (Perkin Elmer SPCM-AQR-14) by f=6 cm lenses
located at 1.50 m from the crystal. We note that these
counters still operate as good buckets under typical trans-
verse beam displacements of Ax=1 mm in our experiments
as the demagnified displacement at the detector is then still
only %Ax=40 pm whereas the active area of the detector is
typically 200 wm in diameter. Though omitted in Fig. 2 for
simplicity, our scheme allows an easy switch between free-
space and fiber-coupled counters (Perkin Elmer SPCM-
AQR-14-FC), connected to single-mode fibers (numerical
aperture of 0.12) and 10X objectives. Bandwidth selection is
done by interference filters (10 nm FWHM) in combination
with red filters (Melles Griot RG715). An electronic circuit
records coincidence counts within a time window of 1.76 ns.

In order to achieve the precise temporal alignment that a
HOM interferometer requires, i.e., simultaneous arrival of
entangled pair-photons at the beamsplitter, we use a similar
trick as presented in Ref. [20]. We employ a flip mirror to
inject light from a diode laser (visible wavelength =640 nm)
into the setup, such that its emitted light virtually covers both
signal and idler paths (see Fig. 2). By tuning this laser below
threshold, where it acts as a bright LED with a limited co-
herence length, the path-length difference can be set to
within a few um. Final finetuning of the path-length differ-
ence and the angular alignment between the two beams
(within a few urad) is done by motorized actuators (Newport
LTA-HL; submicron stepsizes) attached to both translation
stages and beamsplitter.

In our main experiments, we measure the coincidence
count rate as a function of the time delay Ar=AL/c and
relative beam displacement Ax between the signal and idler
beam, in order to quantify the two-photon temporal and spa-
tial coherence, respectively. We have employed both an even
and an odd number of mirrors to demonstrate the essential
role of the mirror number in two-photon HOM interference.
Most of our measurements are however done with the odd
configuration (see Fig. 2) as this is the most unexplored case.
Furthermore, we have applied free-space detection behind
both 4 mm and 14 mm apertures, corresponding to detection
angles of 6;,=1.7 mrad and 6;,=5.8 mrad, respectively.
These values are well within the angular width of the SPDC
ring of Osppc=18 mrad that we calculate and observe for our
(type-I) geometry. In addition, we use spectral filters with
bandwidths that are much narrower than the generated SPDC
bandwidth (>50 nm). These two conditions ensure operation
in the thin-crystal limit.

B. Temporal labeling

In Fig. 3(a) the measured coincidence count rate behind
14 mm apertures is plotted versus time delay Arz. Fitting the
data points with Eq. (12) yields a full width at half-maximum
of 133+2 fs. For 4 mm apertures we obtain the same value.
These values agree very well with the theoretical coherence
time of 133 fs, calculated for a block-shaped transmission
filter with a measured spectral bandwidth of AA=10 nm cen-
tered around A=814 nm. The observed sidelobe structure is
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FIG. 3. Two-photon temporal coherence, measured as the coin-
cidence count rate (dots) versus time delay Az, for (a) free-space
detection behind 14 mm apertures and (b) fiber-coupled detection.
Sinc-shaped fits and the measured single count rates (solid curves;
righthand scale) are plotted as well.

Fourier related to the spectral cutoff produced by the sharp-
edged interference filters. Slight deviations between data
points and fits are attributed to the nonperfect block shape of
the filter transmission function.

The quality of the two-photon interference can be quanti-
fied by the measured peak visibilities, being V
=(85.0+0.5)% and V=(81.0£0.5)% for 4 mm and 14 mm
apertures, respectively. For fiber-coupled detection, we mea-
sure a much higher visibility of V=(94.0+0.5)%. This value
is very close to the theoretical limit of V;;=95% of our
beamsplitter, having a measured 7/R ratio of 58/42. Figure
3(b) shows the temporal coherence measured with fiber-
coupled detectors scheme but now with a better high-quality
50-50 laserline beamsplitter. We again obtain a FWHM of
133+2 fs, but the peak visibility is considerably higher at
V=(99.3+£0.2)%. The lower peak visibilities obtained with
free-space detection is attributed to the spatial labeling ob-
served by the bucket detectors (see Figs. 5 and 6).

Apart from the coincidence dips, Fig. 3 also shows promi-
nent dips in the measured single count rates. The occurrence
of a single dip has first been reported by Resch et al. [21].
This extra dip occurs as a result of the limitation of a pho-
todetector to record two simultaneously arriving pair-photons
as two single clicks. As these arrivals are more numerous for
a balanced HOM interferometer than for an unbalanced one,
a dip will show up in the measured single count rate as well.

In Fig. 4 we highlight the single dip that we measured
behind 14 mm apertures [data copied from Fig. 3(a)]. This
data is of much higher quality than the one presented in Ref.
[21]; though sampling only 10 s for each data point, we ob-
tain a statistical error of <0.1% that is even too small to
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FIG. 4. Single count rate measured in a HOM experiment (dots)
with sinc-shaped fit (detail of Fig. 3(a)). The solid curve shows the
sum of the single count rates measured when either the signal or the
idler path is blocked. All displayed count rates are corrected for
50 ns deadtime of the detector.

display. This allows us to observe the clear sinc-shaped pro-
file identical to the coincidence dip with a FWHM of
133+2 fs. Based on measured rates of 7.13X 10° s~ and
7.81 X 10° s~! at zero and infinite delay, respectively, we de-
termine a dip visibility of V,.=9%. A calculation from V,
=Vn/(4—m) [21] yields the same value, thereby using V
=81% and an overall detection efficiency of 7=0.40, as de-
duced from the measured quantum efficiency (coincidence to
single ratio) of 7,=0.20. All count rates shown in Fig. 4 have
been multiplied by a factor of 1/(1—7;R4.) = 1.04 to correct
for the detector deadtime of 7,=50 ns and compare with the
calculation mentioned above.

To further illustrate the origin of the single dip, we have
also plotted the sum of the measured single count rates in
absence of HOM interference as the solid curve in Fig. 4.
This rate of 8.54 X 10° s™! shows no dip as it is obtained by
adding the individual signal and idler rates of 5.00
X 10° s7! and 3.54 X 10° s~!, where the rate imbalance is due
to the beamsplitter ratio 7/R=58/42. We thus measure a
single count rate reduction of 16.5% for the balanced inter-
ferometer (Ar=0), but also obtain an 8.5% reduction in ab-
sence of HOM interference (At= ). This latter reduction of
course results from a random 1/4 probability that both pho-
tons arrive at the detector under study. At a finite detection
efficiency n we expect the single count rate to be reduced by
a factor (1-%/4) and [1-7/4(1+V)] in an interferometer
off and on resonance, as compared to the sum of the indi-
vidual rates. For our conditions of V=81% and 7=0.40, we
expect reductions of (1+V)7/4=18% and 7/4=10% for the
balanced and unbalanced interferometer, respectively, which
agree reasonably well with the measured values.

As an aside we note that our count rates are large enough
to experience some visibility reduction through the influence
of double photon pairs. We estimate this reduction to be
AV=8R.7..(1/7*=1/27), based on a generated pair rate R
=2R./ 7 and a coincidence time window 7. Our measured
visibility of V=78% for 17 mm apertures is expected to suf-
fer from a reduction of only AV=1%, based on a measured
coincidence rate of R,=2.0X 10° s™! and 7=0.40. To check
that higher coincidence rates lead to larger reductions, we
have also used a 4 mm crystal. At a measured rate of R,
=8X10°s™' we measure a lower visibility of V=73%,
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FIG. 5. Measured peak visibility V44 versus aperture diameter
(at 1.2 m from crystal) for AN=10 nm interference filters and three
different pump sizes: w,=260 um (dots), w,=400 um (triangles)
and w,=700 um (squares). The dashed horizontal line at V=95%
indicates the visibility limit set by the beamsplitter 7/R ratio of
58/42.

which is indeed compatible with the expected reduction of
AV=5%.

The theory in Sec. II D predicts that the peak visibility in
a HOM interferometer with an odd number of mirrors can be
limited by a combined temporal and spatial labeling that de-
pends on three different parameters: the aperture size, the
pump size at the crystal and the detected spectral bandwidth.
The first two limitations are demonstrated in Fig. 5, which
shows the measured visibility as a function of the aperture
diameter for three pump sizes w), using a AN=10 nm inter-
ference filter. The largest pump spots yield the lowest vis-
ibilities, as expected. Note how the visibilities increase
steeply for the smallest apertures where diffraction removes
the spatial labeling.

An increase of the pump spot not only leads to a reduction
of the peak visibility but also to a widening of the Viyoy(Af)
curve. At an aperture size of 14 mm we measure (FWHM)
coherence times of 133 fs for w,=260 um, 147 fs for w,
=400 um, and 180 fs for wp=700 pm, all at AN=10 nm.
For these three geometries the dimensionless quantity
(Awg/ 0,)(©/6,) that quantifies the extra labeling increases
from 0.34 to 0.49 and 0.86.

The limitation of the visibility by the detected spectral
bandwidth is shown in Fig. 6, where the measured visibility
is plotted versus aperture size for both AN=5 nm and 10 nm
interference filters, and a pump waist of w,=260 um. The
narrower filters yield higher visibilities. All observations
made in relation to Figs. 5 and 6 are compatible with the
prediction made in Sec. II D on combined temporal and spa-
tial labeling. For an even number of mirrors in our interfer-
ometer (with one extra mirror in signal path; see below) we
have observed none of these combined-labeling effects,
again in agreement with Sec. II D.

C. Spatial labeling

As our key experiment we have measured the spatial co-
herence of the generated two-photon wave packet. Figures
7(a) and 7(b) show the coincidence count rate measured as a
function of the relative transverse beam displacement Ax for
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FIG. 6. Measured peak visibility V44 versus aperture diameter
for AN=5 nm (solid dots) and AN=10 nm interference filters (tri-
angles), and a pump size of w,=260 um. The dashed horizontal
line at V=95% indicates the visibility limit set by the beamsplitter
T/R ratio of 58/42. The error margins of 0.005 in the vertical scale
are too small to display.

4 mm and 14 mm apertures, and perfect temporal coherence
(Ar=0). Fitting the data points with Eq. (4) yields (FWHM)
transverse coherence lengths of Ax.;,=184+10 um and
Ax.n=54+4 um, respectively. These values are only
slightly larger than the values of Ax,,,=175 wm and 50 pm,
expected from Eq. (15). We ascribe these minor deviations to
a reduced detection efficiency of photon pairs close to the
aperture edges, which leads to effectively smaller aperture
sizes and thus increased coherence lengths. This correction
disappears if we employ the asymmetric geometry of a 4 mm
aperture in one arm and a 14 mm one in the other, and per-
form the same measurement [see Fig. 7(c)]. We then indeed
obtain a somewhat smaller transverse coherence length of
166+ 10 wum that is solely determined by the smallest aper-
ture. Our measurements clearly demonstrate that two-photon
interference measured behind smaller apertures results in a
larger spatial coherence length, and vice versa.

The observations that a transverse displacement in one of
the beams leads to a reduction of the two-photon interference
can be easily understood in terms of spatial labeling. This is
schematically shown in Fig. 1, where the upper circle depicts
the pumped area at the crystal. The four lower circles depict
images of this pumped area that can potentially be made at
both detectors if the appropriate lenses are used (for simplic-
ity we assume perfect imaging without inversion). These im-
ages are represented by solid and dashed circles correspond-
ing to whether the photons have traveled the signal (solid) or
idler (dashed) path, respectively. Consequently, a solid circle
at detector 1 matches a dashed circle in detector 2, and vice
versa. The transverse displacement Ax of the idler beam is
shown as light-dashed lines.

Now suppose we detect a photon at detector 1 at the
lower-left cross-mark. Tracing this photon back results in
two different birth positions (cross-marks in upper circle)
separated by Ax at the crystal plane. Tracing its partner pho-
ton back to detector 2 then yields two possible imaging po-
sitions (lower-right cross-marks) in circle s, and i,, separated
by 2Ax. If the resolution of our imaging system is good
enough to distinguish between these two possibilities, the
“which-path” information provided by this spatial labeling
will destroy the two-photon interference. As diffraction by
the apertures limits the distinguishability, larger transverse
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FIG. 7. Two-photon spatial coherence, measured as the coinci-
dence count rate (dots) versus relative transverse displacement be-
hind (a) 2 X4 mm, (b) 2 X 14 mm and (c) 4+ 14 mm apertures. The
solid curves represent the measured single count rates and fits of the
coincidence count rates. Especially, the fit in (b) is of excellent
quality. The lower single count rate in (c), which was measured
behind the 4 mm aperture, has been multiplied by a factor of 10 in
order to visualize the dip-structure. Note the differences in the hori-
zontal scales.

coherence lengths will be attained with smaller apertures,
and vice versa. As we need the combined positional informa-
tion of both photons to decide upon their paths, the diffrac-
tion limit of the smallest of the two apertures will largely
determine the observed coherence length. As an aside, we
note that a similar reasoning can be applied to the results in
Ref. [15], where large apertures correspond to a small dif-
fraction limit, good distinguishability between the two prob-
ability paths, and a low HOM visibility.

We will next focus our attention on Fig. 7(c), which refers
to an asymmetric interferometer with apertures of 4 mm and
14 mm in front of the two detectors. At first thought, one
might expect the single dip to follow the coincidence dip,
irrespective of the aperture geometry. This is however not the
case: we measure different widths (FWHM) of 190+10 um
and 54+4 um for the single dips behind the 4 mm and
14 mm aperture, respectively, whereas the coincidence width
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FIG. 8. Two-photon spatial coherence for an even number of
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transverse displacement behind (a) 4 mm and (b) 14 mm apertures.
Coincidence counts fits and single count rates (solid curves) are
plotted as well.

is 166+10 wm. These values are practically the same as the
widths of the single and coincidence dips observed for a
symmetric setup with 2 X4 mm and 2 X 14 mm apertures,
respectively [see Figs. 7(a) and 7(b)].

The intriguing asymmetry in the single dips can be under-
stood as follows. Pair-photons originating from those parts of
the signal and idler beam that are captured by the 14 mm
aperture but not by the 4 mm one, will be registered only by
the detector behind the larger aperture. Simultaneous arrivals
of these photons due to bunching will therefore affect only
the single dip measured with this detector, but will not con-
tribute to the coincidence dip. As photon bunching occurs
within a smaller range of transverse displacements for larger
apertures, the measured single dip for the 14 mm aperture in
Fig. 7(c) is as narrow as the coincidence dip that would be
measured with 14 mm apertures in both output channels.
Consequently, the 4 mm aperture single dip in the same fig-
ure is almost as broad as the measured coincidence dip.

To demonstrate that the two-photon spatial coherence is
very different for interferometers with an even or odd num-
ber of mirrors, we have added a second mirror in the signal
path, using now six (2+4) mirrors in total. In Figs. 8(a) and
8(b) we have plotted the coincidence rate versus the trans-
verse displacement Ax, measured in this even geometry for
2X4 mm and 2 X 14 mm apertures, respectively. The coin-
cidence dips are fit with the profile aexp[—(Ax)?/b*][1
—c exp(Ax)?/2v?], where the fit parameter v is expected to
yield the same near-field waist w, of the Gaussian pump
profile for both aperture sizes. We indeed obtain similar
widths of v=253 um and v=237 um for 4 mm and 14 mm
apertures, respectively. These values agree well with the
measured pump waist of w,~260 wm. The exponential pre-
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FIG. 9. Measured quantum efficiency 7, versus aperture diam-
eter for equal apertures (solid dots), and for a geometry with one
aperture fully open (open circles). The fit (solid curve) yields an
asymptotic value of A=0.217 and a pump beam waist at the aper-
ture plane of w=0.63 mm.

factor roughly quantifies how the observed coincidence rates
decreases when very large beam displacements shift the light
outside the active area of the detectors. For this even geom-
etry, we have measured 20% lower single count rates as
compared to the odd geometry [see Figs. 7(a) and 7(b)] be-
cause of the increased crystal-aperture distance from 1.20 m
to 1.37 m.

In contrast to the odd geometry, the above result clearly
shows that the two-photon spatial coherence for an even
number of mirrors is only determined by the pump beam
profile and is insensitive to the aperture size. The picture of
spatial labeling, shown in Fig. 1 for the odd geometry, can
also be applied to the even geometry. If we observe a certain
photon position at detector 1 (lower-left cross-mark), we can
again reconstruct two similar birth positions of this photon at
the crystal (upper cross-marks). However, we now find only
one position for the corresponding photon at detector 2, as
the s, and i, positions lie precisely on top of each other. This
means that, irrespective of the aperture size, one cannot dis-
tinguish which probability channel (double reflection or
double transmission) the pair-photons has traveled by judg-
ing from the detected positions of the partner photon. As the
spatial labeling is only contained in the different birth posi-
tions for this even geometry, the which-path information
comes now from the pump beam profile and is no longer
determined by the aperture size if the later is much larger
than w. Only the spatial symmetry of the pump beam and a
possible transverse displacement Ax matter.

D. Modal analysis of spatial entanglement

Next we will analyze the two-photon field in terms of a
finite number of discrete modes. The shape of the pump laser
defines a natural basis for this discrete modal analysis. This
natural size will show up in an experiment where one fixes
the position of one photon and measures the positional
spread 6yisr=26), of its partner photon in coincidence imaging
[18,19]. To determine this natural size, we have performed a
different experiment instead, where we vary the size of both
apertures, working in a symmetric situation at (much) higher
count rates. The solid dots in Fig. 9 depict the measured
quantum efficiency 7,, being defined as the ratio of the co-
incidence count rate over the single rate, as a function of the
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aperture diameter d. The sharp decrease in 7,, at small ap-
ertures results from the positional spread within the photon
pair that was mentioned above. This spread is solely deter-
mined by the shape of the pump profile and can be fit with
the expression [22]

Varerf[\1 + d2/(2w2)]> e

A
d) = 1-
7(d) 1+ 2w2/d2< 21 +d%(2w?)

where the asymptotic value A and the pump beam waist w at
the aperture plane (1.2 m from crystal in our case) are fitting
parameters. The diameter of dg;=1.8 mm where the mea-
sured quantum efficiency is 50% of its asymptotic value (see
Fig. 9) gives the typical size of the fundamental transverse
mode. The solid curve is a fit based on A=0.217 and w
=0.63 mm. The latter value agrees well with a calculated
waist at the aperture plane of w=0.65 mm, that is based on a
Rayleigh range of zz=0.52 m, a near-field pump waist of
w,=260 pum, and a pump opening angle of ¢,=0.50 mrad;
these numbers are obtained from a measured pump waist of
w,=1.8 mm at z=3.6 m from the crystal. The SPDC diffrac-
tion angle 6;=26, (SPDC wavelength A=2\ ) will be used
below for the calculation of the mode number.

The number of transverse modes detectable behind a far-
field aperture of radius a and angular size 6y,=a/L is N
=N%D, where the one-dimensional mode number

NlDz%=7TC_lLa, (17)
Oaitr AL

a, being the radius of the pump spot at the crystal, i.e., the
near-field radius of the SPDC radiation. The approximation
sign is related to the precise definition of the mode size
(FWHM, Gaussian or sharp edge).

The second equality of Eq. (17) enables an easy link to a
different measure for the number of interfering transverse
modes, being the well-known Fresnel number Ny given by

l12 a

=—=_—. 18
AL 2.8Ax€0h ( )

Np

Here Ax., is the (FWHM) transverse coherence length
that we defined below Eq. (15), and the prefactor 1/2.8
~1.16 X 1.22/4 results from our definition of Ax.,,. For a
one-photon field the Fresnel number denotes the number of
Fresnel zones that contribute, with alternating signs, to the
field transmitted through a rotational symmetric aperture. A
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comparison between the two quantities defined in Eq. (17)
and Eq. (18) yields Np=N(L/zg)(2/ ), where zg=5k,w’ is
the Rayleigh range of the pump. As we typically work at
L/zx=2.3, the numbers N and N should be comparable.

From our experimental results we can estimate the mode
number N and Fresnel number Ny in three different ways.
First of all, we can use Eq. (17) and divide the detection
angle 6, by the measured diffraction angle 64 to find N
~3 and N=34 for 4 mm and 14 mm apertures, respectively.
Second, we can use Eq. (18) and compare the measured
transverse coherence length Ax,, to the aperture size to ob-
tain Fresnel numbers Np=~4 and Np=~46 for 4 mm and
14 mm apertures, respectively. The third measure for the
transverse mode number can be deduced by comparing the
single count rates shown in Figs. 3(a) and 3(b). As fiber-
coupled detection per definition addresses a single transverse
mode, division of these mentioned count rates yields a mode
number of N=34. A similar exercise for a 4 mm aperture
(not shown) yields N=7 X 10*/2.1 X 10*~3. These numbers
compare well with the mode numbers N from the first esti-
mate. All estimates show that our experiment addresses typi-
cally 4 or 40 modes for the 4 or 14 mm apertures, respec-
tively.

IV. CONCLUDING DISCUSSION

We have investigated the two-photon spatial coherence of
entangled photon pairs by measuring the coincidence rate in
a Hong-Ou-Mandel interferometer as a function of the rela-
tive transverse beam displacement for different aperture
sizes. The calculated and observed coherence is completely
different for an interferometer with an odd or even number of
mirrors. For the odd case we have demonstrated that the
transverse coherence length is inversely proportional to the
aperture size. We also observed a well-defined dip in the
single count rate and demonstrated the existence of a com-
bined temporal and spatial labeling that can lead to a reduc-
tion of the HOM visibility under certain conditions. For the
even case, we have shown that the transverse coherence
length is basically determined by the pump waist.
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