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We generate ultrabroadband biphotons via the process of spontaneous parametric down-conversion
(SPDC) in quasi-phase-matched nonlinear gratings that have a linearly chirped wave vector. By using
these ultrabroadband biphotons (300-nm bandwidth), we measure the narrowest Hong-Ou-Mandel dip to
date, having a full width at half maximum of 7.1 fs. This enables the generation of a high flux of
nonoverlapping biphotons with ultrabroad bandwidth, thereby promoting the use of SPDC light in many
nonclassical applications.
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One of the goals of quantum optics is to design and
implement new sources of quantum light, such as en-
tangled photons (biphotons), with tunable spectral proper-
ties that match the specific application under consideration.
The most widely used method for the generation of bipho-
tons is spontaneous parametric down-conversion (SPDC)
[1,2], where two lower-frequency photons are generated
when a strong pump field interacts with a nonlinear crystal.

As an example, the optimum biphoton bandwidth for
atom-photon interactions associated with specific atomic
transitions is ultranarrow (�MHz) [3], whereas it is ul-
trabroad for high-axial-resolution quantum optical coher-
ence tomography (QOCT) [4]. Indeed, the generation of
ultrabroadband SPDC can yield a high flux of nonoverlap-
ping biphotons with optical powers in the microwatt region
[5], which is essential for making use of SPDC light in
nonclassical applications such as entangled-photon mi-
croscopy [6], spectroscopy [7], lithography [8], and pho-
toemission [9].

By and large, ultrabroadband biphotons are not har-
vested directly at the output of a bulk down-converting
crystal, unless it is extremely thin (� 50 �m), in which
case the biphoton flux is very low [10]. Various other
methods to generate such biphotons have been suggested
and/or experimentally implemented [11–15]. One such
method, which is of principal interest in this Letter, makes
use of a quasi-phase-matched (QPM) nonlinear grating
with a nonuniform poling period � [11]. The poling pattern
��z�, where z is the spatial coordinate along the direction
of pump propagation, serves a twofold purpose: The first is
to provide a collection of phase-matching conditions over
the length of the grating, which leads to broadband bipho-
ton generation. The second is to control the spread of the
biphoton wave packet, i.e., the temporal separation be-
tween the signal and idler photons comprising a pair, which

is achieved by constraining the location at which a signal-
idler wavelength pair is generated; this serves to tailor the
phase relation between the various spectral components.
For example, in the absence of group-velocity dispersion, a
linearly chirped spatial frequency Kg�z� � 2�=��z� en-
sures an exact linear chirp of the biphoton wave packet
[15], which is readily compressed by using the techniques
of ultrafast optics [16].

In this Letter, by using appropriately designed QPM
samples, we demonstrate the generation of ultrabroadband
biphotons (around 300 nm), the largest ever, to the best of
our knowledge. By using these biphotons, on the twentieth
anniversary of the development of the Hong-Ou-Mandel
(HOM) interferometer [17], we report the narrowest HOM
dip measured to date, with a FWHM of 7.1 fs. This corre-
sponds to an axial resolution of 1:1 �m in QOCT.

Theory.—For a monochromatic pump of angular fre-
quency !p and noncollinear degenerate emission, the bi-
photons are characterized by the frequency-entangled state

 j i �
Z
d�����j!0 ��isj!0 ��ii; (1)

where � is the angular-frequency deviation about the
degenerate angular frequency !0 � !p=2, the complex
function ���� is the biphoton spectral density, j����j2

is the biphoton power spectral density, and each of the
signal and idler photons resides in a single spatial mode,
indicated by the subscripts s and i, respectively, in Eq. (1).
For collinear emission, one can associate the signal (idler)
photon with a wavelength below (above) the degeneracy
point.

The SPDC source we consider is a QPM grating with a
linearly varying spatial frequency given by Kg�z� � K0 �

�z, where K0 is the grating’s spatial frequency at its
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entrance face (z � 0) and � is a parameter that represents
the degree of linear chirp. We make use of third-order
QPM for which Kg�z� � 3� 2�=��z�. By using a plane-
wave approximation for the pump, signal, and idler and
assuming that the value of the second-order susceptibility
��2� is wavelength-independent, we compute the biphoton
spectral density to be ���� /

R
L
0 dz expfj��k��� �

��z=2�	zg, which turns out to be [18]

 ���� / exp
�
�j�k2���

2�

��
erfi

�
�1� j��k���

2
����
�
p

�

� erfi
�
�1� j���k��� � �L	

2
����
�
p

��
; (2)

where �k��� � kp�!p� � ks�!0 ��� cos��� � ki�!0 �

�� cos��� � K0 is the phase mismatch to all orders with
no approximations; kq � !qne�!q; T�=c, with q � p; s; i,
is the amplitude of the wave vector for the pump, signal,
and idler, respectively; � is the angle between the signal
(idler) direction and that of the pump; j �

�������
�1
p

; L is the
length of the nonlinear grating; and erfi is the imaginary
error function. The extraordinary refractive index
ne�!q; T� for the near-stoichiometric lithium tantalate
(SLT) material used in our study can be computed by using
a Sellmeier equation [19], where T is the temperature in
degrees Celsius.

The measured photon rate at the output of a Michelson
interferometer I��� / G�1�� �0� is given by

 I��� /
Z
d�j����j2 � Re

�
e�j!0�

Z
d�j����j2e�j��

�
;

(3)

where G�1��t0� � h jE����t�E����t� t0�j i is the first-order
correlation function, which is independent of t for a sta-
tionary process [20]; E��� and E��� are the positive- and
negative-frequency components of the electric field at the
detector, respectively; and � is the temporal delay between
the two arms of the interferometer. The Fourier transform
of I��� yields the biphoton power spectral density j����j2.

In a HOM interferometer, the rate of coincidence be-
tween the electrical signal of two spatially separated slow
single-photon detectors Nc��� �

R
dt0G�2�� �t0� is measured.

Here � is the relative delay between the signal and idler
photons and G�2��t0� � h jE����t�E����t� t0�E����t�
t0�E����t�j i is the second-order correlation function,
which is independent of t for a stationary process [20], so
that

 Nc��� �
Z
d�j����j2

� Re
�Z

d������
����e�2j��
�
: (4)

Experiment —Our biphoton source, shown in Fig. 1(a),
consists of an SLT crystal onto which six equal-length

(L � 1:8 cm) gratings have been poled with a linearly
chirped spatial frequency, with various degrees of chirp
�. Our SLT was fabricated from congruently melting com-
position lithium tantalate by using the vapor-transport-
equilibration (VTE) method [21].

We first study the spatial distribution of degenerate
SPDC emission by using the experimental arrangement
depicted in Fig. 1(b). The results are displayed in
Fig. 1(c), where we show intensified charge-coupled device
camera (ICCD) images of the SPDC emission-cone cross
sections at different temperatures, for different chirped
periodically poled stoichiometric lithium tantalate (C-
PPSLT) gratings. For a weakly chirped grating (� � 0:2�
10�7 �m�2), the observation of a well-defined ring of
emission, showing a transition from noncollinear to col-
linear behavior as the temperature increases, indicates that
the direction of emission is strongly determined by the
wavelength of observation, which is fixed by the bandpass
filter (BPF). It is worth noting that the experimental tem-
perature that led to collinear degenerate emission (T �
108:3 �C) was larger than that calculated from the
Sellmeier equation for SLT grown by using the double-
crucible Czochralski (DCC) method [19] (T � 60 �C).
This discrepancy is most likely explained by a 0:1-�m
period fabrication error; however, it may also stem from
the differences in stoichiometry between SLT fabricated by
the VTE and DCC methods. As the degree of chirp is
increased, the emission cross section takes the form of a
hollow disk (� � 0:5� 10�6 �m�2), which then be-

FIG. 1 (color online). (a) The C-PPSLT gratings with six
different degrees of chirp �, specified in units of �m�2. The
poling period at the entrance face of each grating (z � 0) is fixed
at � � 9:824 �m; the values at the exit face are indicated. For
the grating with the lowest (highest) chirp, the poling period
changes by about 0.02% (10%) over its length. (b) Setup used to
image the emission-cone cross sections from the C-PPSLT
gratings. A monochromatic Kr�-ion laser operated at �p �
406 nm pumps the C-PPSLT gratings. BPF represents a 10-nm
bandpass filter at the degenerate wavelength �0 � 812 nm, and
ICCD represents an intensified charge-coupled device camera,
which is placed in the Fourier plane of an f � 100-mm lens.
(c) The emission-cone cross sections from C-PPSLT gratings at
the degenerate wavelength at different temperatures, for various
values of the chirp parameter �.

PRL 100, 183601 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
9 MAY 2008

183601-2



comes a full disk with further increase (� � 1�
10�6 �m�2). This implies that, for a given wavelength,
more emission directions are possible as the chirp
increases.

For a fixed direction, increased chirping is expected to
lead to a broader spectrum [15]. We demonstrate this by
measuring the interferogram of collinear SPDC emission
I��� by using a Michelson interferometer. The results are
shown in Fig. 2. In Fig. 2(a), for the lowest-chirped grating
(� � 0:2� 10�7 �m�2), the interferogram exhibits a
FWHM of 130 fs at T � 108:3 �C, whereas in Fig. 2(b),
for the highest-chirped grating (� � 9:7� 10�6 �m�2),
the FWHM is 7.87 fs at T � 45:4 �C. The corresponding
power spectral densities, obtained from the Fourier trans-
form of the measured interferograms in accordance with
Eq. (3), are presented in Fig. 2(c). The emission from the
highest-chirped grating exhibits an ultrabroadband power
spectral density j����j2 (plotted vs �s;i, rather than vs �,
for clarity) that spans approximately 300 nm about the
degenerate wavelength �0 � 812 nm. This salutary spec-
tral broadening is accompanied by a decrease in the bipho-
ton flux, as shown in Fig. 2(d). As the chirp is increased,
the total number of down-converted biphotons is redistrib-
uted over a broader range of emission angles and over a
broader spectrum, as is evident in Figs. 1(c) and 2(c),
respectively, thereby reducing the biphoton flux for a fixed
experimental collection angle.

Finally, we demonstrate the ultranarrow dip that can be
attained by using these biphotons when they are employed
in a HOM interferometer [17]. The normalized coinci-
dence rates Nc��� are depicted in Fig. 3 for biphotons

generated by C-PPSLT gratings with � � 0:2� 10�7 at
T � 106:5 �C, � � 1:0� 10�6 at T � 76:5 �C, and � �
9:7� 10�6 �m�2 at T � 52:6 �C. All of these experi-
ments were conducted at a noncollinear emission angle
of � � 1:1�. The effect of chirping is clearly evident, as the
HOM dip narrows from a FWHM of 77 fs for a weakly
chirped grating to 7.16 fs for the highest-chirped grating.
This observed narrow dip translates to an ultrahigh axial
resolution of 1:1 �m in a QOCT experiment. We should
point out that the semiconductor single-photon avalanche
photodiodes that have been used in our experiments
(EG&G-SPCM-AQR-15) have a limited bandwidth, par-
ticularly in the near infrared region. An even narrower
HOM dip would emerge, were we to make use of broader
bandwidth devices, such as superconducting single-photon
detectors [22].

Discussion —Our observation of an ultranarrow HOM
dip indicates that the spectral density of the observed
biphotons is ultrabroad. However, this does not necessarily
mean that the biphoton entanglement time is ultranarrow.
While the entanglement time is the width of the biphoton
wave packet f���, which is the inverse Fourier transform of
the biphoton spectral density����, the profile of the HOM
dip is the inverse Fourier transform of the product
�����
����, which is insensitive to even-order compo-
nents of the phase of ���� [23], a nonclassical feature that
is exploited in QOCT. The width of the HOM dip, in
contrast, would give the narrowest value in time that a
biphoton wave packet can attain, if all of the even phase
terms were canceled.

The width of the biphoton wave packet may be observed
by direct measurement of the second-order correlation
function G�2�� �t0�. This can be accomplished via a sum-
frequency generation (SFG) experiment whereby a relative

FIG. 2 (color online). Normalized interferogram I��� for col-
linear SPDC. Emission from a C-PPSLT grating with
(a) � � 0:2� 10�7 �m�2 exhibits a FWHM of 130 fs and
(b) � � 9:7� 10�6 �m�2 exhibits a FWHM of 7.87 fs.
(c) The power spectral densities j����j2, plotted vs wavelength
�s;i, for the data shown in (a) and (b). (d) The FWHM (squares)
of the measured interferograms for gratings of different degrees
of chirp are plotted on the left ordinate. The biphoton fluxes per
milliwatt of pump power (circles) are plotted on the right
ordinate. The lines connecting the experimental points are for
guiding the eye.
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FIG. 3 (color online). Normalized HOM coincidence inter-
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The symbols represent the measured data points, whereas the
solid curves are the corresponding numerical simulations using
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temporal delay � is introduced between the signal and idler
photons, which are focused onto a second-order nonlinear
crystal that serves as a fast autocorrelator. The SFG rate
S���, which is proportional to the coincident spatial and
temporal arrivals of the two photons, i.e., to G�2�� �0�, is
given by S��� / j

R
d����� exp��j���j2 � jf���j2.

The biphotons that were employed in our experiments
were far from being transform-limited. To demonstrate
this, we plot in Figs. 4(a) and 4(b), respectively, the mag-
nitude and phase of ���� provided in Eq. (2), for � �
9:7� 10�6 �m�2 at T � 52:6 �C. In Fig. 4(c), we present
a numerical simulation of the HOM profile (solid blue
curve) and the biphoton wave packet square magnitude
S��� / jf���j2 (dashed red curve), as it would be obtained
in an SFG experiment, which is more than 2 orders of
magnitude wider than the HOM profile. This significant
temporal spread is attributable to the phase of����. If this
phase were to be eliminated by use of an appropriate phase
filter [5], the biphoton wave packet would be compressed
to its transform-limited width.

Finally, we provide an important example of how the
results provided in this Letter can be used to advance our
understanding of the interaction of entangled light with
matter. Despite numerous attempts, the phenomenon of
entangled-photon photoemission [9] has not been experi-
mentally observed. Careful analysis reveals that the
entangled-photon photocurrent ie decreases with increas-
ing entanglement time Te. In particular, for degenerate
photons impinging on the bialkali material K2CsSb, ie is
calculated to be a factor of 10 greater than the semiclassical
two-photon photocurrent when Te � 7 fs (they are roughly
equal when Te � 40 fs) [9]. The results reported in this
Letter should therefore make entangled-photon photoemis-
sion observable for the first time.
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FIG. 4 (color online). (a) Magnitude and (b) phase of the
biphoton spectral density ���� as provided by Eq. (2), for � �
9:7� 10�6 �m�2. (c) Numerical simulation of the expected
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curve). The outcome of an SFG experiment is a direct measure
of the biphoton wave packet square magnitude jf���j2.
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