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Abstract

Ž .Spontaneous parametric down-conversion SPDC is the most common source in quantum optics for generating
correlated photon pairs. Yet, the low efficiency reduces its applicability. By placing the crystal in a linear cavity for the
pump mode we achieved a factor of 7 enhancement of the pair production rate, thus enabling improved experiments and
bringing an all-solid state source of NIR q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Photon pairs, as created by spontaneous paramet-
Ž . w xric down-conversion SPDC 1 have become an

important tool in experiments on the foundations of
w xquantum mechanics 2 . The inherent entanglement

between the photons created by this process makes
w xthem indispensable for quantum communication 3

and, lacking applicable single photon sources, also
w xfor quantum cryptography 4 . In SPDC photons of

an intense pump laser beam convert into photon
pairs when interacting with a nonlinear medium ac-

w xcording to the phase matching conditions 5 . Al-
though SPDC outperforms other sources of photon
pairs, e.g. atomic cascade emissions, by far, the
quality of many experiments suffers from the low
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conversion efficiency. Even when using large frame
ion lasers as the pump source, one still has to find an
unpleasant compromise between high interference
visibility on the one side and reasonable count rates
on the other side, which, however, often can be
achieved only when accepting large spectral band-
width or poor mode quality.

In this letter we show that the efficiency of the
down-conversion source can be significantly in-
creased by resonant enhancement of the pump field
with an optical cavity. Increasing the yield of down-
conversion photons is mandatory for a series of new
experiments and possible applications in quantum
communication and should finally allow us to re-
place the expensive pump laser, usually an Argon-ion
laser, by a compact and inexpensive diode laser
source.

Two further ideas of enhancing the yield of
SPDC-sources have been presented recently. The
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first idea deals with a two-crystal geometry realized
with type-I BBO-crystals, whose optical axes are
mutually perpendicular. This enables one to use the
higher conversion efficiency of type-I crystals also
for generating polarization entangled photon pairs
w x6 . The second idea enhances the degenerate para-
metric down-conversion modes with an optical cav-
ity to enforce the conversion of the pump photons
w x7 . In that special experiment the photon pairs are
degenerated in momentum and wavelength, however,
variation of this technique might also yield entangled

w xpairs 8 . Our experiment complements these other
developments.

2. Setup of the experiment

The experimental realization is schematically
shown in Fig. 1. The pump light with a wavelength
of 351 nm was provided by a single-line, single-

frequency Argon-ion laser of 60 MHz bandwidth,
followed by a dispersion prism to remove unwanted
laser fluorescence. The pump beam was focused into
the linear cavity by a telescope, consisting of three

Ž .lenses L , L , L , to control waist size w and1 2 3 0

waist position d independently by adjusting either0

the first or the third lens.
The flat cavity output mirror M was coated to2

have a reflectivity of 99.99% for the fundamental
Ž .wave and to be highly transparent Ts85% for the

down-conversion beams at 702 nm wavelength. The
BBO-crystal was anti-reflection coated for 351 nm
giving a transmission through the crystal of 99.2%.
For impedance matching, the input mirror M was1

thus coated for 4% transmission at 351 nm. This
mirror had a radius of curvature of 20 m resulting,
for a cavity length of 2 cm, in a beam waist of
w s265 mm. This waist ensures stable operation of0

the cavity and is still big enough not to broaden the

Fig. 1. Experimental setup: Lenses L1, L2, L3 allowed mode matching of the Arq-laser light to the cavity formed by mirrors M1 and M2.
Ž . Ž .Entanglement between photon pairs produced by the BBO crystal was improved by half-wave plate lr2 and compensator crystals C and

Ž . Ž .analyzed by adjustable half-wave plates and polarizing beam splitters PBS . The entangled photons were selected by irises IR, 2 mm and
Ž . Ž .interference filters IF and registered by Silicon avalanche single photon detectors D1, D2 . The UV-cavity was stabilized by polarization

Ž .spectroscopy PS and analyzed by the transmission to photodiode D3.
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momentum phase matching condition. With these
optical and geometrical parameters and assuming
perfect mode matching an enhancement As45 of
the pump mode intensity was considered achievable
w x9 . In this case the enhancement factor As IrI0

was given by the ratio of the intensity I in the cavity
to the incident laser intensity I .0

The input mirror M was mounted on a piezo1
Ž .tube PZT , which allowed us to tune the cavity or to

lock on resonance. The stabilization of the cavity
resonance frequency to the laser frequency was

w xachieved by polarization spectroscopy 10 of the
laser beam partly reflected at the cavity. In order to
avoid loss we omitted the linear polarizer inside the
cavity. The cavity was therefore resonant not only to
one polarization component but to both polarization

Ž .components vertical and horizontal , yet, due to the
birefringence of the crystal, at different resonator

Ž .lengths. Fig. 2a shows the theoretical enhancement
for zero tilt of the cavity when changing the cavity
length or phase, respectively. The stabilization unit

Ž .itself consisted of a half-wave plate lr2 in the
pump beam, which rotated the vertical polarization
by a small amount, and polarization analysis for
circular polarization. As in the original scheme, the
polarization of the light reflected from the cavity
remained linear at resonance and thus gave a zero in
the error signal obtained by electronic subtraction of
the photodiode signals I and I . The calculateda b

.error signal is illustrated in Fig. 2b . Since the zero
crossings of the two resonances exhibited different
gradients, they could be distinguished and the rele-
vant resonance could be selected.

In order to avoid disturbing optical feedback by
reflections from the cavity back to the pump laser
either an optical isolator had to be used or the axis of
the pump cavity had to be slightly tilted relative to
the pump beam. Both possibilities reduce the maxi-
mal achievable pump power: either by absorption in
the isolator or by reduction of the pump field en-
hancement. For this first demonstration, we decided
to tilt the cavity by about 0.5 mrad, which reduced
the theoretically achievable enhancement to As11.

The BBO-crystal, with a thickness of 2 mm, was
cut for type-II phase matching at u s51.18 so thatpm

the horizontally and the vertically polarized light
cones of 702 nm wavelength overlapped along two

w xspatially separated directions 11 , enclosing an angle

Ž .Fig. 2. a Calculated enhancement As Ir I of the pump inten-0
Ž . Ž .sity inside the cavity and b resulting error signal I y I froma b

polarization spectroscopy. Enhancement and error signal are shown
Ž .dependent on the resonator phase. c Measured enhancement of

the pump intensity for the tilted cavity when varying the resonator
Ž .length thus the resonator phase .

of 68. To obtain high degree of entanglement, the
emitted photons passed a half-wave plate and com-
pensator crystals to compensate the transverse and
longitudinal walk-off effects caused by the bire-

w xfringence of the down-conversion crystal 12 . By
slightly tilting the compensator crystals the quantum
state of the photon pairs could be adjusted, e.g. to

q '< : Ž < : < : < : < :.the Bell-state C s 1r 2 H V q V H .
Ž .Interference filters IF centered at 702 nm in front

of both detectors limited the bandwidth to 5 nm
Ž .FWHM and reduced background radiation. Two
irises with apertures of 2 mm and 85 cm away from
the crystal defined the down-conversion modes
to achieve high polarization-correlation. Silicon

Ž .avalanche photodiodes Si-APD’s were used to de-
tect single photons, coincidences were selected within
a 2 ns time window.
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3. Results

In this first test we achieved an enhancement of
As7.00" .06, as compared to the theoretical en-
hancement of 11, for the pump intensity inside the
tilted cavity. The intensity enhancement decreased
very fast when tilting the cavity because the almost
flat mirrors caused a fast dispersion of the field. Yet,
after tilting the cavity axis and thus avoiding any
disturbance of Argon-ion laser, the whole system
was running stable over hours. The resulting pump

Ž .field intensity Fig. 2c was analyzed with photodi-
ode D measuring the transmitted pump beam be-3

hind mirror M2 while the cavity length was varied
Ž .with a piezo PZT . Sharp airy intensity peaks oc-

curred, when the cavity was on resonance with one
of the two polarization components. The enhance-
ment factor A was obtained by comparing the trans-
mitted laser power with and without mirror M1
inserted in the cavity.

In Fig. 3 the coincidence count rates with and
without mirror M1 are compared. As a consequence
of the phase matching condition, parametric down-
conversion only occurred for the vertical polarization
component of the pump laser. For cavity on reso-
nance with this polarization mode, the coincidence
count rate was enhanced and an absolute coincidence
count rate of 10 500 sy1 for 100mW laser pump
power and iris apertures of 2 mm was reached. This
rate is 7 times higher than the coincidence count

Ž .Fig. 3. Cavity-enhanced circles and single-pass coincidence count
Ž .rates squares in dependence of the cavity tuning. For the mea-

surement of the non-enhanced coincidence count rate input mirror
M1 was removed.

Fig. 4. Measurement of the polarization entanglement for photon
< q:pairs in the C -state when polarization analyzer 1 was varied

while analyzer 2 was set to q458. A visibility of V s92.2".3%
was observed for iris diameter of 2 mm.

rates without a cavity, where we obtained 1 500 sy1

with mirror M1 removed.
Furthermore, the polarization-entanglement of the

photon pairs was measured to completely character-
ize the source. Entanglement was analyzed with
adjustable polarizers, consisting of a rotatable half-
wave-plate and a polarizing beam splitter, in each
arm. The degree of correlation was determined by
measuring the polarization correlation along horizon-

Ž .tal and vertical polarization HV-basis and under
"458. Fig. 4 clearly exhibits the expected sinusoidal

< q:polarization-correlation for the C -state measured
in the "458-basis, i.e. by rotating one polarizer and
keeping the other fixed at 458. In this measurement
the iris-apertures were again set to 2 mm resulting in
a visibility of Vs92.2" .3% compared with a visi-
bility of Vs96.1" .1% without cavity. For iris-
apertures of 1 mm a fringe visibility of Vs94.8"

.3% was achieved. We attribute the reduced visibility
to the fact that, due to the tilt of the cavity, SPDC
was not pumped by the well defined Gaussian mode
but rather by the resulting cavity field with a full
width of about 1.6 mm. The use of an optical isolator
avoids such a reduction of the visibility.

4. Conclusion and outlook

In this first proof-of-principle demonstration the
use of a cavity for the pump-laser has enabled an
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increase of the yield of polarization entangled photon
pairs by a factor of 7. Employing an optical isolator
instead of tilting the cavity, and taking absorption
losses and non-perfect mode-matching into account,
a further enhancement by a factor of 3 should be
possible. As the down-conversion rate is proportional
to power and crystal length the possibility of using a
more intense laser or a longer crystal instead of the
pump-cavity scheme comes into mind. A more in-
tense laser, however, would immensely increase the
expenses, whereas a longer crystal would inevitably
enlarge the transverse walk-off effect such that it
cannot be corrected anymore.

The method presented here allows better quality
experiments with photon pairs created by parametric
down-conversion. The increase achieved allows nar-
rower filtering or finer mode selection of the entan-
gled photons. Resonant enhancement of the pump
field should also enable the use of frequency-dou-

w xbled laser diodes or of the new blue laser diode 13
for down-conversion experiments in the near in-
frared, where efficient low-noise detectors exist. Thus
applications like quantum communication or demon-
stration set-ups for experiments on the foundations
of quantum mechanics become possible in experi-
mentally simple environments.
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