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A method for generating entangled photons with controllable frequency correlation via spontaneous parametric down-conversion 共SPDC兲 is presented. The method entails initiating counterpropagating SPDC in a
single-mode nonlinear waveguide by pumping with a pulsed beam perpendicular to the waveguide. The
method offers several advantages over other schemes, including the ability to generate frequency-correlated
photon pairs regardless of the dispersion characteristics of the system.
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Spontaneous parametric down-conversion 共SPDC兲 is a
convenient process for generating pairs of photons that are
entangled in one or more of their respective degrees of freedom 共direction, frequency, polarization兲. This entanglement
can be used to demonstrate counterintuitive features of quantum mechanics and to implement the growing suite of quantum information technologies 关1兴. In a typical downconversion experiment, a photon from a monochromatic
pump beam decays into two photons 共often referred to as
signal and idler兲 via interaction with a nonlinear optical crystal. While the signal and idler may be broadband individually, conservation of energy requires that the sum of their
respective frequencies equals the single frequency of the
monochromatic pump. This engenders frequency anticorrelation in the down-converted beams. Aside from the
frequency-anticorrelated case, the frequency-correlated and
frequency-uncorrelated cases were also investigated theoretically by Campos et al. in 1990 关2兴. At that time, neither a
method of creating these novel states nor a practical application of the states was known.
Two developments in quantum information theory have
renewed interest in these generalized states of frequency correlation. First, quantum information processes requiring the
synchronized creation of multiple photon pairs have been
devised, such as quantum teleportation 关3兴 and entanglement
swapping 关4兴. The requisite temporal control can be achieved
by pumping the crystal with a brief pulse. The availability of
pump photons of different frequencies relaxes the strict frequency anticorrelation in the down-converted beams 关5兴.
Second, applications such as entanglement-enhanced clock
synchronization 关6兴 and one-way autocompensating quantum
cryptography 关7兴 have been introduced that specifically require frequency correlation, as opposed to the usual frequency anticorrelation.
Methods for preparing these novel states of frequency
correlation have emerged as well. Keller and Rubin were first
to observe that when a specific relationship between the
group velocities of the pump and down-converted beams
holds, the down-converted photons are anticorrelated in time
关5兴. Using a first-order Taylor approximation of the relevant
dispersion curves, they provided two examples of bulk non-
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linear crystals that satisfied this relationship when used in a
collinear type-II configuration 共signal and idler orthogonally
polarized兲. Erdmann et al. pointed out that the time-anticorrelated state described by Keller and Rubin entails frequency correlation 共which can be seen immediately by Fourier duality兲, and further emphasized that perfect frequency
correlation requires an infinite crystal, just as perfect frequency anticorrelation requires a pump with an infinite coherence length 关8兴. More recently, Giovannetti et al. demonstrated the feasibility of frequency-correlated downconversion in a periodically poled nonlinear crystal 关9兴 and
presented a formalism for parametrizing the space of states
between the cases of perfect frequency correlation and perfect frequency anticorrelation 关10兴.
In this paper, we present a method for obtaining controllable frequency entanglement that has distinct advantages
over the previously proposed methods. Our method entails
initiating type-I SPDC 共signal and idler identically polarized兲
in a single-mode nonlinear waveguide by pumping with a
pulsed beam perpendicular to the waveguide 共see Fig. 1兲.
The down-converted photons emerge from opposite ends of
the waveguide with a joint spectrum that can be varied from
frequency anticorrelated to frequency correlated by adjusting
the temporal and spatial characteristics of the pump beam.
The primary advantage of this method is that the limiting
cases of perfect frequency correlation and perfect frequency
anticorrelation can be obtained regardless of the dispersion
relation of the waveguide. Thus, we refer to the method as
auto-phase-matched. It is well known that the frequency-

FIG. 1. A schematic of auto-phase-matched SPDC, a method for
generating entangled-photon pairs with controllable frequency correlation. The z-polarized pulsed pump beam initiates counterpropagating y-polarized SPDC in the single-mode nonlinear waveguide.
The joint spectrum of the down-converted beams is controlled by
the spatial and temporal characteristics of the pump beam, as described in the text.
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anticorrelated case is achievable regardless of the dispersion
relations in a collinear configuration with a monochromatic
pump and a thin bulk crystal; however, the frequencycorrelated case has hitherto been associated with a constraint
on the dispersion relations 共cf. the ‘‘group-velocity matching’’ condition introduced in Ref. 关5兴兲. The geometry we propose restores the symmetry between the two cases by ensuring the appropriate phase matching regardless of the
dispersion relation of the waveguide.
This paper is organized as follows. First, we write the
output state of the SPDC produced in our configuration and
provide an estimate of the conversion efficiency. Second, we
analyze the state using a Franson interferometer 关11兴, which
illustrates the duality between frequency correlation and
anticorrelation. Third, we quantify our method’s advantage
by comparing the visibility achieved in a Franson interferometer by the frequency-correlated collinear configuration
described in Ref. 关9兴 with the visibility achieved in our counterpropagating configuration.
The transverse-pump counterpropagating geometry depicted in Fig. 1 has been noted as a promising source of
entangled-photon pairs for both type-I 关12兴 and type-II 关13兴
SPDC. The most obvious advantages of this geometry over a
collinear geometry pertain to the separation of the three interacting beams. In a transverse-pump counterpropagating
geometry, all three beams are traveling in different directions. Thus, the usual techniques for filtering the pump beam
from the down-conversion and separating the downconverted beams at a beam splitter are unnecessary.
The investigations in Refs. 关12,13兴 were limited to the
case of a monochromatic pump beam. There are two primary
advantages of pumping with a broadband beam perpendicular to the waveguide and arranging for type-I downconversion. First, the dispersion relation for the pump beam
plays no role in the phase-matching analysis, since the waveguide ensures phase matching in the transverse direction.
Second, the counterpropagating, identically polarized signal
and idler fields will be phase matched in the long-crystal
limit only if they have equal and opposite propagation vectors, a condition which entails equal frequency. Thus, the
bandwidth of the pump determines the allowable range of the
sum frequency of the signal and idler, and the longitudinal
length of the illuminated portion of the crystal determines the
allowable range of the difference frequency.
We assume that the nonlinear coefficient and the propagation constants vary sufficiently slowly with frequency that
they may be taken outside any frequency integrals in which
they appear as integrand prefactors. Furthermore, we assume
that the waveguide is long compared to the width of the
pump beam such that the interaction length is controlled by
the pump beam profile along the z axis 共see Fig. 1兲. Following the derivation in Ref. 关12兴 of the quantum state of a
counterpropagating photon pair, we have
兩⌿典⬀

冕冕

d  l d  r Ẽ t 共  l ⫹  r 兲 f̃ z „⌬ ␤ 共  l ,  r 兲 …兩  l 典 l 兩  r 典 r ,
共1兲

where Ẽ t (  ) and f̃ z (⌬ ␤ ) are the respective Fourier trans-

forms of the temporal and spatial functions describing the
pump beam E p (t,z)⫽E t (t) f z (z), ⌬ ␤ (  l ,  r )⫽ ␤ (  l )
⫺ ␤ (  r ) is the difference in the waveguide propagation constant evaluated at  l and  r , and 兩  典 l(r) denotes a single
photon at frequency  moving to the left 共right兲.
To investigate the dependence of 兩 ⌿ 典 on the characteristics of the pump, we choose Gaussian profiles in space and
2
time for the pump pulse, such that Ẽ t (  )⬀e ⫺(   ) and
2
f̃ z (⌬ ␤ )⬀e ⫺(⌬ ␤ W) , where  and W are the duration and
width 共along the z axis in Fig. 1兲 of the pump pulse, respectively. In the limit of a monochromatic pump (  →⬁) with
finite spatial extent, Ẽ t (  l ⫹  r ) is sharply peaked around the
pump center frequency. Thus, the sum frequency of the signal and idler is fixed. This is the familiar frequencyanticorrelated case that is readily achievable in thin bulk
crystals. In the limit of a finite-duration pump pulse of infinite spatial extent (W→⬁), f̃ z „⌬ ␤ (  l ,  r )… is sharply
peaked around ⌬ ␤ ⫽0. Thus, photon pairs for which  l
⬇  r predominate. This is the frequency-correlated case that
has hitherto only been achieved by imposing a groupvelocity matching condition.
The efficiency of this geometry in a GaAs-based waveguide of length 1 mm and transverse dimension 3  m is
calculated in Ref. 关13兴 to range between 10⫺9 and 10⫺11
depending on the transverse profile of the waveguide. These
figures compare favorably with the SPDC efficiencies
achieved in more conventional bulk-crystal configurations
共e.g., 10⫺13 in Ref. 关14兴兲, though they are still several orders
of magnitude less than that achieved in periodically poled
lithium niobate waveguides 共e.g., 10⫺6 in Ref. 关15兴兲.
The Franson interferometer 关11兴 is a natural tool for distinguishing frequency correlation and frequency anticorrelation. When the two delays (  1 and  2 ) are equal to within the
reciprocal bandwidth of down-conversion, coincidence detections can be associated with indistinguishable paircreation events 关see Fig. 2共a兲兴. If the down-converted photons are correlated in time 共anticorrelated in frequency兲, the
short-short two-photon amplitude interferes with the longlong amplitude 关see Fig. 2共b兲兴. If the down-converted photons are anticorrelated in time 共correlated in frequency兲, the
short-long amplitude interferes with the long-short amplitude
关see Fig. 2共c兲兴. The duality between these two cases can be
seen by comparing the loci of indistinguishable pair-creation
events in the space-time diagrams of Figs. 2共b兲 and 2共c兲. The
frequency-anticorrelated case depicted in Fig. 2共b兲 arises
from the coherent superposition of pair-creation events at a
fixed position over a range of times, while the frequencycorrelated case depicted in Fig. 2共c兲 arises from the coherent
superposition of pair-creation events at a fixed time over a
range of positions. Note that while the interference visibility
decreases in both cases as  1 ⫺  2 approaches the reciprocal
bandwidth of down-conversion, the relative phase between
the interfering amplitudes depends on  1 ⫹  2 in the
frequency-anticorrelated case, and on  1 ⫺  2 in the
frequency-correlated case.
In Fig. 3, we plot the probability of coincidence in the
Franson interferometer for the aforementioned limiting cases
of the two-photon source: perfect frequency anticorrelation
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FIG. 2. The Franson interferometer 共a兲 and the two types of
indistinguishability it can bring about, 共b兲 and 共c兲. 共b兲 Depicts the
indistinguishability in time of creation of the photon pair, and 共c兲
depicts indistinguishability in position of creation of the photon
pair. These two cases are shown in the text to correspond to
frequency-anticorrelated photon pairs and frequency-correlated
photon pairs, respectively.

(  →⬁, W→ finite兲 and perfect frequency-anticorrelation
(  → finite, W→⬁). The finite values of  and W are chosen
such that the bandwidth of down-conversion is  p /10 in each
case. The fourth-order fringes in the  1 ⬇  2 Ⰷ10/ p region
show that the Franson interferometer clearly distinguishes
the two cases. The modulation is in the ⌬  1 ⫽⌬  2 direction
the frequency-anticorrelated case and in the ⌬  1 ⫽⫺⌬  2 direction in the frequency-correlated case.
By establishing the signature of the perfect frequencycorrelated state 关the fourth-order fringes in Fig. 3共b兲兴, we are
able to compare the performance of experimental methods
designed to produce this state. Specifically, the visibility of
the fringes in Fig. 3共b兲 provides a measure of the quality of
the frequency-correlated state. In Fig. 4, we plot a numerical
calculation of the visibility achieved by the source described
in Ref. 关9兴 共thin line兲 and that achieved by our auto-phasematched method 共thick line兲 in a GaAs-based waveguide, for
a range of interaction lengths. In the method of Ref. 关9兴, the
interaction length is the thickness of the crystal, while in our
method the interaction length is the width of the pump beam
along the z axis 共see Fig. 1兲. In order to minimize the complicating effect of the second-order interference, the visibility
is calculated at the delay offset (  1 ,  2 )⫽(4/ ,4/ ), where 
is the bandwidth of down-conversion.
While the fourth-order visibility in Fig. 3共b兲 is 0.5, we
have scaled the visibilities to range between 0 and 1 in Fig. 4
since methods exist for restoring maximal visibility in the
Franson interferometer. The first method put forward involves time gating the detectors 关17兴. For that method to
work with the source described here, the waveguide would
have to be much longer (⬎5 cm) than those in current experimental designs (⬃3 mm in Ref. 关18兴兲. A more promising
approach for restoring visibility exploits polarization entanglement, as demonstrated in Ref. 关19兴. At the end of this

FIG. 3. The probability of coincidence when frequencyanticorrelated 共a兲 and frequency-correlated 共b兲 states are analyzed
with a Franson interferometer 共see Fig. 2兲. The down-converted
beams have center frequency  p /2 and bandwidth  p /10.  1 and  2
are in units of optical cycles at the center frequency of downconversion.

paper, we discuss the natural way in which the source described here enables concurrent polarization and frequency
entanglement.
The parameters of the source described in Ref. 关9兴 are as

FIG. 4. Numerical calculation of the fourth-order fringe visibility seen in a Franson interferometer when the perfect source of
frequency-correlated photon pairs is approximated by the method
described in Ref. 关9兴 共thin line兲 and by the auto-phase-matched
method described in the text 共thick line兲. The plot depicts the effect
of changing the interaction length of the nonlinear process, while
holding the bandwidth of the pump fixed.
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follows: periodically poled potassuium titanyl phosphate
with a poling period of 47.7  m, pump wavelength of 790
nm, pump bandwidth of 3 THz, and collinear propagation
along the crystal’s x axis with the signal z polarized and the
pump and idler y polarized. For our geometry, we consider a
GaAs slab waveguide which is 3  m in the transverse dimension and configured as depicted in Fig. 1, with the pump
z polarized and the signal and idler polarized in the x-y
plane. Since both schemes rely on a long-crystal phasematching condition, it is not surprising that the visibility of
each increases with increasing interaction length; however,
while the deleterious influence of higher-order terms in the
crystal dispersion relations is exacerbated as the crystal
length is increased in the method of Ref. 关9兴, our auto-phasematched approach provides an increasingly close approximation to the desired state, regardless of the dispersion
relations.

Finally, it is worth noting that our source may be used to
create photon pairs that are entangled in polarization. In Fig.
1, we were only concerned with down-converted photons
polarized along the y axis. If the pump beam is polarized
along the z axis and we use a material with the symmetry
(2)
(2)
(2)
properties of GaAs which has  (2)
zxy ⫽  zyx and  zxx ⫽  zy y
⫽0 关16兴, we will get a counterpropagating polarizationentangled state ( 兩 HV 典 ⫹ 兩 VH 典 ) directly from the crystal 关20兴.
Furthermore, we can obtain this polarization entanglement
while independently controlling the frequency entanglement
by manipulating the pump beam, as previously described.
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