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Observation of Quantum Noise Reduction on Twin Laser Beams
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We have used a two-mode optical parametric oscillator operating above threshold to generate high-
intensity twin beams which exhibit quantum correlations. The noise power measured on the intensity
difference between two such beams is reduced by 30% below the shot-noise limit. Noise reduction is ob-

served over a broad range of frequencies.

PACS numbers: 42.50.Dv

Sensitivity in optical measurements has long been con-
sidered to be ultimately limited by the shot-noise limit
(SNL) obtained for ideal laser light. Recent experi-
ments!~> have proved that it is possible to reduce the
fluctuations of one quadrature component of an elec-
tromagnetic field below the vacuum fluctuation level, al-
lowing one to beat the shot-noise limit, for example, in
interferrometric measurements. %’

It can also be useful to generate light beams having an
intensity noise below the SNL.8!> A possible way to
approach such states is the generation of twin laser
beams, i.e., two beams of intensities /| and 7/, having the
same intensity fluctuations. One can then use one of the
beams in a servo loop to stabilize the other one below the
SNL.%!2 Unfortunately, the usual beam splitters
(semireflecting plate, polarizing beam splitter, . . .) ran-
domly distribute photons in their two output ports and
therefore cannot overcome the SNL.'® In contrast,
parametric downconversion is known to produce highly
correlated ‘“‘twin photons” at the signal and idler fre-
quencies.'”"2° If the parametric medium is inserted in
an optical cavity resonant for both signal and idler fre-
quencies, oscillation on a single pair of modes takes
place. We have theoretically shown?!23 that such a
two-mode optical parametric oscillator (OPO) operating
above threshold produces two intense “twin beams,” hav-
ing intensities correlated to better than SNL. Actually,
this intensity correlation corresponds to a squeezing of
the amplitude difference between the twin fields.2H2?

This quantum correlation property can be simply un-
derstood in terms of photons.??> Twin photons are pro-
duced simultaneously by the parametric process and then
stored in the cavity during a time of the order of the cav-
ity storage time 7.. Therefore, counting of photons out-
side the OPO during a time much longer than 7, will
give equal numbers of signal and idler photons. In the
frequency domain, the noise on the intensity difference
I=],—1I, between the two beams is expected to be
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below the SNL for noise frequencies lower than LA
simple model leads to the following expression for the
noise power spectrum S;(Q) at frequency Q:

S;(Q)=SsnLll —e/(1+ 221, (1)

where Ssni is the shot-noise level for a beam of intensity
I,+1;; € is the probability for an emitted photon to be
detected, taking into account the various optical losses
and the photodiode quantum efficiencies. The lowest re-
sidual noise is reached at zero frequency and is propor-
tional to the loss per photon (1 —¢). Let us emphasize
that this result is valid above oscillation threshold, in-
dependent of the output intensities.

In this Letter, we report the first experimental obser-
vation of such an effect. We have produced high-
intensity correlated beams, for which the noise on the in-
tensity difference lies well below the SNL in an extended
frequency range. Figure 1 shows our experimental ar-
rangement. The OPO is pumped by a single-mode
Ar¥-ion laser at 528 nm, stabilized on an external
Fabry-Perot cavity (residual frequency jitter of 100
kHz). A Faraday rotator (FR) and an acousto-optic
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FIG. 1. Experimental setup, FR, Faraday rotator; AO,

acousto-optic modulator; F, green filter; A/2, half-wave plate;
PBS, polarizing beamsplitter; SA, spectrum analyzer.
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modulator (AO) are used to isolate the laser optically
from the strong back-reflected light coming from the
OPO. The pump light is then focused in the parametric
medium, which is a 7-mm-long, type-II phase-matched
KTP (KTiOPOy,) crystal, inserted in an optical cavity of
length 17 mm. The input mirror, with a 2-cm radius of
curvature, is highly reflecting for the infrared signal and
idler beams and transmitting for the pump beam. The
output mirror is flat and transmits 0.8% of the infrared
light and a large part of the green light. Consequently,
the cavity finesse is high for the signal and idler fields
and low for the pump field. The four OPO oscillation
conditions (energy conservation, phase-matching condi-
tion, and cavity resonance conditions for both signal and
idler) are only fulfilled for a discrete series of cavity
length values. In practice, oscillation occurs only in very
small length intervals (a few nanometers) around these
values. This is the cause of the well-known high sensi-
tivity of the OPO to vibrations.?* Thus, the OPO length
has to be actively stabilized by electronic feedback so
that it delivers a nearly constant output intensity. For
this purpose the OPO output is monitored on the weak
counterpropagating infrared beam (ir) which is
transmitted back through the input mirror and not
deflected by the acousto-optic modulator. Above thresh-
old (80 mW of green light), the OPO emits two cross-
polarized twin beams (with intensities of a few milliwatts
for 200 mW of green light). The emission wavelengths,
A1=1.048 ym and A, =1.067 um, are determined by the
collinear phase-matching conditions. The remaining
transmitted pump beam is stopped by a filter. The twin
beams are separated by a polarizing beam splitter (PBS)
and then focused on two InGaAs photodiodes which have
quantum efficiencies of 90%.2° All surfaces encountered
by the two infrared beams are antireflection coated. The
two photocurrents are amplified, and then subtracted
with a 180° power combiner. The noise on the resulting
difference is monitored by a spectrum analyzer connect-
ed to a computer for data analysis.

The characteristics of the detection channels have
been carefully checked: the imperfections of the polariz-
ing beam splitter are less than 1%; the amplifier voltage
gains are matched within 1%. The overall common
mode rejection between the two channels has been mea-
sured by our modulating the pump beam at a frequency
10 MHz and measuring the corresponding coherent peak
reduction on the spectrum analyzer. The result of this
measurement is 25 dB.

A key point for the reliability of such an experiment is
the calibration of the shot-noise level. As a first test, we
have used a rotating half-wave plate inserted in front of
the polarizing beam splitter (labeled A/2 in Fig. 1). The
two fields £ and E; emitted by the OPO undergo a po-
larization rotation of 26 in the half-wave plate, where 6
is the angle between the axes of the plate and of the po-
larizer. The two fields E 4 and Eg, respectively transmit-
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ted and reflected by the polarizing beam splitter, are
E.4=(cos20)E, — (sin26)E,,
Ep=(sin20)E |+ (cos20)E>.

(2a)
(2b)

When §=0° (modulo 45°), the half-wave plate plays
no role and the measured signal is the difference between
the twin beam intensities. When 6=22.5° (modulo
45°), the system of half-wave plate and polarizing beam
splitter acts like a usual 50% beam splitter. Since in our
experimental conditions the beat frequency between the
twin fields is about 5 THz, the crossed terms between the
two modes do not appear in the observed frequency
range. Consequently the measured signal gives the
shot-noise level for a beam of intensity /7, +17,. One can
show from Eqgs. (2) that the noise power spectrum Sy(Q)
for the signal 74 — I varies sinusoidally as a function of
the angle 6:

So(0) =5,(Q)cos’40+ Ssni sin46. 3)

Figure 2 shows the variation of Se(Q) recorded at a
fixed frequency Q/2nx=8 MHz. One observes a strong
modulation of the noise level with the expected periodici-
ty of 45°: The noise level at 0° is about 30% lower than
that at 22.5°.

As a second test, we have used a cw yttrium-
aluminum-garnet (YAIG) laser to yield an independent
characterization of the shot-noise level. We have
checked that the YAIG laser was shot-noise limited at
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FIG. 2. Trace a, variation of the noise power Sg(Q) as a
function of @ for ©/2r=8 MHz (measured as noise spectrum
of the photodiode currents). Trace b, input noise level
equivalent to the whole electronic noise. The dashed line shows
the shot-noise level measured on a YAIG laser having the same
intensity. Traces a and b are recorded with a scan time of 50 s,
without video filter.
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frequencies higher than 2 MHz. We have then mea-
sured the noise levels of the OPO and YAIG with equal
mean intensities. From this test, we can assert that the
upper level of Fig. 2 (6=22.5°) coincides within 1%
with the shot-noise level (dashed line in Fig. 2).

Figure 3 gives the noise reduction factor R(Q) which
is the ratio of the “squeezed” noise spectrum, recorded
at 6=0°, to the shot-noise spectrum, recorded at 8
=22.5°. (Both spectra have been correlated from elec-
tronics noise.) The curve is clearly below 1 over a broad
frequency range. A maximum noise reduction of
30% = 5% is observed at a frequency of 8 MHz. The
noise reduction is better than 15% from 3 to 13 MHz.

In the low-frequency domain, the noise increases be-
cause the large extra noise on each beam is not com-
pletely rejected in the difference process. Moreover, the
mean intensities are not exactly equal, which we attri-
bute to a slight difference in the losses for the two in-
frared beams. This is a cause for additional fluctuations
to be coupled back into the measured signal.

At high frequencies, R(Q) is seen to go to 1: The
noise of /| —1I; rises back to the shot noise for frequen-
cies higher than the cavity bandwidth. This is in agree-
ment with the Lorentzian shape predicted by Eq. (1). A
quantitative comparison of our results with theory re-
quires a more realistic model which is under develop-
ment. However, the reliability of its predictions is
presently limited by the experimental uncertainties on
the various loss parameters.

In conclusion, we have observed a strong correlation
between high-irtensity twin beams. The noise on the in-
tensity difference lies well below the shot-noise limit over
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FIG. 3. Noise reduction factor R(Q) as a function of the
frequency Q. It is obtained by the recording of three
spectra—the squeezed noise (6=0°), the shot noise
(6=22.5°), and the electronic noise (scan time 20 s, without
video filter for each spectrum)—and then computing the ratio
between the squeezed noise and the shot-noise spectra after
correction from the electronic noise. Reduction below shot
noise appears on an extended frequency range.

an extended frequency range. Such a quantum correla-
tion can be used in numerous applications, e.g., produc-
tion of amplitude-squeezed beams by electronic feed-
back,®!? optical communications,’*"?® and  high-
sensitivity absorption measurements by the monitoring of
the absorption signal on the intensity difference 7, — 1.

Laboratoire de Spectroscopie Hertzienne de I’Ecole
Normale Supérieure and Laboratoire de Physique des
Lasers are laboratoires associés au Centre National de la
Recherche Scientifique.
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