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Beamlike twin-photon generation by use of type II spontaneous parametric downconversion is demonstrated.
The intensity distribution of each beam is round, and the emission angle is very small (0.9±). As a result,
a high coincidence-count rate per unit of pump power was recorded. The ratio of coincidence-count rate to
single-count rate was estimated to be 80% in this experiment. These features suggest that this method
is useful for generation of a single-photon state and is applicable to bright, entangled twin-photon sources.
© 2001 Optical Society of America

OCIS codes: 270.0270, 270.5290, 270.4180.

The creation of twin photons by use of spontaneous
parametric downconversion has been a very important
tool in exploring the nonlocal feature of quantum
mechanics,1 and recently in experiments in quan-
tum information technology. Demonstrations of
quantum teleportation with photons2,3 are examples
of these experiments. In the f ield of quantum cryp-
tography,4 – 7 spontaneous parametric downconversion
should be an indispensable technique for generation
of single-photon pulses,8 quantum repeaters,9 and so
on. One of the reasons for the small bit rates of these
experiments was that the photon pairs were radiated
to a widely spreading region by the sources that were
used, and it was difficult to utilize all the photon pairs.
In addition, the intensity distribution of the photons
selected by an iris was not symmetrical, which caused
difficulties in the experiments.

In this Letter a new method of generating para-
metric f luorescence in two small spots is reported.
Because the generated twin photons were concen-
trated on the spots, a high single-count rate and a high
coincidence-count rate per unit of pump power were
observed. It was also observed that the ratio of the
coincidence-count rate to the single-count rate was
80% when the loss at the f ilters and the quantum
efficiency of the detectors were normalized out.

When a laser pump beam is incident upon a non-
linear crystal, pairs of photons that satisfy the type II
phase-matching conditions

vp � ve 1 vo, kp � ke 1 ko (1)

are emitted. Here, v denotes angular frequency, k is
the wave-number vector, and subscripts p, o, and e in-
dicate the incident UV laser light and the f luorescence
photons with ordinary and extraordinary polarization,
respectively. Schemes of so-called tuning curves,
which are plots of the signal (extraordinary-ray) and
idler (ordinary-ray) wavelengths as a function of the
crystal output angles, are shown in Fig. 1. When the
angle c between the crystal angle and the pump-beam
direction is given, the tuning curves can be calcu-
lated.10 All tuning curves shown in Fig. 1 are for the

planar case, in which the optic axis, kp, ko, and kp all
lie in the same plane. The wavelength of the pump
beam is assumed to be 351.1 nm.

Figure 1(a) shows the case of the collinear condition,
in which the signal and idler photons travel collinearly
with the degenerate wavelength of 702.2 nm. The in-
set shows an image of the emitted twin photons at
702.2 nm as observed when one is facing the crystal.
These twin photons are emitted into two cones that
touch in the pump-beam direction. This condition has
been widely used in experiments; however, here the
collinear photons were selected by use of irises, and
only a small portion of the whole ensemble of emit-
ted photons was utilized. For example, a single-count
rate of 3.4 3 103 cps and a coincident-count rate of
20 cps were reported with a 0.56-mm-thick b-BaB2O4
(BBO) type II crystal followed by spectral f ilters with
83-nm FWHM bandwidth and a collection lens with a
24.5-mm aperture.11

When the angle c is increased, the idler- and signal-
beam curves overlap, as shown in Fig. 1(b). When the

Fig. 1. Schematic of the tuning curves given in Ref. 8.
The dashed curve indicates the idler beam, and the solid
curve indicates the signal beam. The insets are images
of the parametric f luorescence: (a) collinear condition,
(b) angle c between the pump-beam direction and the
crystal axis is increased, (c) c is decreased, (d) condition
for twin-beam generation.
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photon pairs emitted into the overlapping sections are
selected, the pairs are in an entangled state.12 When
c is decreased, these two curves move away from
each other, and no photons are emitted at 702.2 nm
[Fig. 1(c)].

The scheme for generating beamlike twin photons
is shown in Fig. 1(d). When c is set such that the
two curves are tangent to the line at the wavelength
of 702.2 nm, twin photons will be emitted into two
small regions. A schematic of the experimental setup
is shown in Fig. 2. A 2-mm-diameter pump beam
(150 mW) at wavelength 351.1 nm from a single-
frequency-operated argon-ion laser is injected into
a BBO crystal with a length of 5 mm. The BBO
crystal is cut for a type II phase-matching situation
�c0 � 48.9±�, such that the face of the crystal is almost
normal to the pump beam for the collinear condition.
The angle c between the pump-beam direction and the
crystal axis is changed by use of a tilting stage. In
the following, we use the parameter Dc for the tilting
angle from the condition in which the face is normal
to the pump beam. For example, when Dc � 21±,
one can calculate c as 47.9±. The parametric twins
are imaged by a Peltier-cooled CCD camera with a
focusing lens and a narrow-bandpass filter [center
wavelength, 702.2 nm; FWHM, 0.32 nm (Ref. 13)].

When Dc was decreased from the collinear condition,
a ring-shaped image of parametric f luorescence was
observed. As Dc was decreased, the ring gradually
shrank, and finally the image became a single f illed
circle at Dc � 21.83±. When Dc was decreased fur-
ther, the radius of the circle did not change much, and
the intensity decreased. When Dc became 21.95±, the
parametric f luorescence vanished. A CCD image of
the parametric beam and an intensity distribution with
c � 21.87± are shown in Fig. 3. The intensity distri-
bution shows that the beam is symmetrical. In this
case, the dispersion angle was 0.9±.

Next, the distribution of parametric f luorescence
and the correlation between two parametric twin
beams by the photon-counting method were measured.
The photons were counted with single-photon-counting
modules (SPCM-AQ221, EG&G) and a gated photon
counter (SR400, Stanford Research Systems).

First, the distribution of parametric f luorescence
was obtained for several values of Dc by measurement
of the single-count rate of detector A after the position
of iris A, which was set 62 cm from the crystal. The
diameter of iris A was 3 mm. The experimental re-
sults are shown in Fig. 4. The scan range of the iris
position was 65 mm, which corresponds to the angle
0.93±. When Dc was 21.75±, parametric f luorescence
was emitted into the spreading cone (large ring), and
therefore no peak was observed and the intensity was
still small. The count rate at the center increased
when Dc � 21.79±. Note that, since this scan was
made across a ring, the counts would fall again on
either side if the scan range were wider. Finally,
the intensity distribution became almost f lat in the
scan area Dc � 21.83±, and the highest intensity was
observed. A single-count rate of 4.1 3 105 cps was ob-
served when the iris was removed. Considering the
loss of optics and the quantum efficiency of detectors,

we find that the compensated rate is �2 3 106 cps.
As Dc decreased, the intensity became lower and
almost vanished when Dc � 21.95±.

The coincidence-count rate for Dc � 21.83± was also
measured. No iris was put into mode B, and the same
iris A as that for the single-count measurement was
used for scanning. The measured coincidence-count

Fig. 2. Schematic of the experimental setup: UVCF, ul-
traviolet-light-cutting f ilter; VisCF, visible-light-cutting fil-
ter; NBF, narrow-band f ilter.

Fig. 3. Image of parametric f luorescence observed with a
Peltier-cooled CCD camera. The intensity distribution of
the image is shown on the right-hand side.

Fig. 4. Solid curves, single-count rates of photon detector
A; Dc, tilting angle of the BBO crystal defined in the text;
filled circles, coincidence counts of photon detectors A and
B when the position of iris A at Dc � 21.83± is changed.
These data were obtained when the iris position in mode
A was changed. Note that no iris was inserted in mode
B. See the text for a detailed explanation.
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rate is shown by the filled circles in Fig. 4. A coin-
cidence-count rate of 8000 cps was observed at maxi-
mum. The highest coincidence count reported so far is
believed to be 800 s21 (Ref. 14) for 1-mW pump power
with 5-nm bandwidth filters with two 0.6-mm-thick
BBO crystals, where the filter transmissions and de-
tector efficiencies were divided out. When we assume
very simple linear scaling of the bandwidth, the es-
timated coincidence-count rate for the same situation
as that reported in Ref. 14 is 4800 cps for the source
used here.

In the present results, the ratio of the coinci-
dence-count rate to the single-count rate was 15.2%
at maximum. This ratio is affected by the trans-
parency of the filters and the quantum eff iciency of
the detector. Because the bandwidth of the f ilters
is much larger than the linewidth of the pump beam
(7.5 MHz) and also is smaller than the spectrum of
the parametric f luorescence,15 the compensated ratio,
a, is estimated as follows:

a �
Nccha

R
tA�l�dl

NAhAhB
R
tA�l�tB�l0 2 l�dl

, (2)

where Ncc is the coincidence count rate, NA is the
single-count rate, hA�B� is the quantum efficiency of
detector A(B), and tA�B�l is the transmittance of the
filter in mode A(B) at wavelength l. l0 denotes the
degenerate wavelength (702.2 nm of the pump beam at
351.1 nm). In the experiment, hA � hB � 0.7. Since
the measured functions tA�l� and tB�l� were well ap-
proximated by the same Gaussian function with center
wavelength l0, it was estimated that a was 0.8. This
result means that when we observe an idler photon we
can find a single photon with a probability of 80%.

It was also found that the FWHM of the position de-
pendence of the coincidence-count rate is equal to the
aperture size of iris B, which was put at the same dis-
tance from the crystal as iris A. In the case shown in
Fig. 4, no iris was inserted into mode B, but the aper-
ture of the optics determined the width of the graph.

After submission of this Letter, I was informed that
Monken et al. reported a high collection efficiency of
84%, obtained with a focusing lens in the pump beam
for type II downconversion.16 By adopting their tech-
nique, it may be possible to collimate the twin beams
reported here into smaller spots.

In summary, beamlike twin-photon generation by
use of type II spontaneous parametric downconversion
has been demonstrated. The emitted angle was small
(0.9±), and a symmetrical intensity distribution was ob-
tained. The estimated ratio of the coincidence-count
rate to the single-count rate was 0.8. These features

all show that this method is useful for single-photon
pulse generation by the gating method with high-
quantum-eff iciency multiphoton detectors17,18 and may
also be applicable to quantum information processing
by use of photons.19,20
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