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Observation of High-Intensity Sub-Poissonian Light Using an Optical Parametric Oscillator
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We report the observation of high-intensity sub-Poissonian light using the correlated "twin" beams
generated by an optical parametric oscillator. The intensity fluctuations in one of these beams are re-
duced by a feedforward correction mechanism that monitors the intensity of the second beam. The ob-
served reduction in noise power is up to 24% below the shot-noise limit.

PACS numbers: 42.50.Dv, 42.65.Ky

Recently, the possibility of generating squeezed states
by acting on the quantum fluctuations of the electromag-
netic field has prompted much investigation. ' These
nonclassical states of light are characterized by a reduc-
tion in the fluctuations of some component of the field
below the vacuum fluctuation level, making them poten-
tially useful for improving the signal-to-noise ratio in ex-
periments limited by the shot noise of standard laser
light. Amplitude squeezed light, in particular, is defined

by a reduction in the fluctuations of the amplitude com-
ponent of the field. In the small-fluctuation limit it ex-
hibits sub-Poissonian photon statistics, which is of in-
terest for experiments involving direct intensity measure-
ments.

Two techniques have been used so far in the genera-
tion of amplitude squeezed light. The first, a direct-
conversion technique, relies on an inherently "quiet"
source, such as a constant-current-driven laser diode,
where a maximum photon noise reduction of 26% was re-
ported. The second technique relies on external control
of the amplitude fluctuations, using, for example, feed-
back correction. Large degrees of amplitude squeezing
have been observed using "closed" configurations
where all the light is lost on detection to provide a feed-
back signal. The squeezed light in these systems is un-

available since it is restricted to internal paths of the
loop, and several "open" configurations have been pro-
posed for its extraction. " One such configuration
makes use of the in-loop generation of two quantum-
correlated light beams, one beam providing a feedback
signal to stabilize the other beam belo~ the shot-noise
level. Recently, a quantum noise reduction of 22% has
been observed in low-intensity incoherent light using
feedback from spontaneous parametric down conver-
sion. "

A particularly effective generator of quantum-corre-
lated light beams is an optical parametric oscillator
(OPO), ' comprising a nonlinear crystal in an optical
cavity. Such a device is based on the parametric down
conversion of pump photons into pairs of signal photons,
resulting in "twin" output beams whose photon numbers
are nearly equal when counted over times longer than

the cavity storage time. ' In practice, the amount of
correlation between the two output beams is limited only
by spurious optical losses undermining the pairwise
detection of the beam photons, and quantum noise
reductions as large as 69% have been attained in the in-
tensity difference between the beams. ' The additional
feature that the output beams are laserlike and of high
intensity makes them particularly convenient for the gen-
eration of sub-Poissonian light using configurations
where the control signal from one beam is either fed
back to the pump or fed forward directly to the second
beam. In this Letter, we report the erst experimental
observation of high-intensity sub-Poissonian light using
an OPQ in a feedforward configuration.

The experimental layout is shown in Fig. 1 and is simi-
lar to the one described in Ref. 15. An optical paramet-
ric oscillator is pumped above threshold by the 528-nm
line of a single-mode cw argon-ion laser, isolated from
OPO back reflections by an acousto-optic modulator
(AO). The OPO cavity mirrors, 35 mm apart with the
radii of curvature 20 mm, are transmitting in the visible
and present a low finesse for the pump light. The non-
linear medium is a 7-mm-long potassium-titanyl phos-
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FIG. 1. Experimental setup. AO: acousto-optic modulator;
F: dichroic filter; HW1, HW2: half-wave plates; BS1,BS2:
polarizing beam splitters; IM: intensity modulator; PA1,
PA2, PB: photodetectors; SA: spectrum analyzer.
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phate (KTiOPO4) crystal, type-II phase matched so the
down-converted twin infrared beams are cross polarized
with nondegenerate wavelengths X~ =1.048 pm and k2
=1.067 pm. The output mirror is 1.6% transmitting in
the infrared and the total losses (including input mirror
transmission and crystal absorption) are of the order of
0.5%, resulting in an infrared emission threshold at
about 200-mW incident pump power.

A dichroic filter (F), placed at the output of the cavi-
ty, blocks the transmitted pump light while letting pass
the two emitted infrared beams which are then separated
by a polarizing beam splitter (BS1) into detection arms
A and 8. The detectors (PA1, PA2, and PB) are all
reverse-biased Epitax 300 p i np-h-otodiodes with quan-
tum efficiencies measured near 0.9. The intensities of
the infrared beams are sensitive to cavity detuning and
are actively stabilized to 6 mW for an incident pump in-

tensity of 420 mW, using the dc output (dc-30 kHz)
from detector 8 to servocontrol the OPO cavity length.

The feedforward correction loop consists of a variable
gain amplifier (G) driven by the ac signal (1-20 MHz)
from detector 8, and applied to an intensity modulator
(IM) inserted in arm A. This modulator (an electro-
optic modulator followed by a polarizer) acts as an ana-
log shutter with a transmission proportional to the ap-
plied voltage from G. Total optical losses through path
A, including losses due to the modulator transmission
bias, are about 20%.

To calibrate the noise in beam 3 to its shot-noise
reference level, a double-balanced detector is used in arm
A made of a 50% beam-splitting mechanism (half-wave
plate HW2 and polarizing beam splitter BS2) and two
photodetectors (PA1 and PA2). The ac signals (1-20
MHz) from each photodetector can be either added or
subtracted using an amplifier which is commuted be-
tween a summing or differencing configuration, and the
resultant signal is observed on a spectrum analyzer
(SA). The total noise in beam A and its associated
shot-noise level are measured almost simultaneously by
switching from one configuration to another.

The performance of the double-balanced detector A
was carefully ascertained. The gain balance between the
two configurations was checked by adding and subtract-
ing two noises from independent electronic sources and
observing the same result to within 1%. The total elec-
trical and optical common mode rejection, measured by
modulating the beam-A intensity and observing the
reduction in the modulation peak when passing from the
sum to the difference mode, was found to be —30 dB for
a modulation frequency of 5 MHz, and no greater than
—25 dB in the 1-20-MHz range. Linearity in the
detection channel was also verified for optical powers up
to 6 mW by inserting a variable attenuator in front of
the double-balanced detector and plotting the shot-noise
power as a function of the mean intensity in beam A.

Figure 2 shows various noise spectra of beam A, taken
while stabilized on the same infrared resonance peak.
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FIG. 2. Experimental noise spectra of beam A (curve a)
without feedforward correction, (curve b) with feedforward
correction, (curve c) associated shot-noise level, and (curve d)
electronic noise.

Curve a is the total noise power in beam A, taken in
summation mode (PA1+PA2), with no optoelectronic
noise correction (feedforward gain G equal to 0). Curve
c is the associated shot-noise level, taken in the dif-
ferencing mode (PA1 —PA2). It is clear from these
spectra that the infrared beams generated by the OPO
have a large amount of excess noise, due to the fact that
the OPO is stabilized off resonance and close to oscilla-
tion threshold. '3 The excess noise at 5 MHz is typically
5 to 10 dB above the shot-noise level, depending on OPO
cavity alignment and detuning. Curve b of Fig. 2 is the
noise power in beam A when the optoelectronic feedfor-
ward correction is turned on. The observed noise reduc-
tion is sensitive to both the gain and phase lag of the
feedforward correction signal. The latter is fixed by
filters in the feedforward electronics that prevent low-
frequency saturation, allowing the gain to be properly
matched in a frequency range centered here about 5
MHz.

To evaluate the quantum noise reduction, we divide
the noise power spectrum (Fig. 2, curve b) by the shot-
noise spectrum (Fig. 2, curve c), having corrected both
for electronic noise (Fig. 2, curve d). The resulting nor-
malized noise power spectrum Sa(Q) is shown in Fig. 3,
curve a. Sz(O) drops below 1 over a 700-kHz frequency
range around 5 MHz. The reduction in noise power is
up to 24%(+ 2%) below the shot-noise level.

These experimental results can be compared with a
simple theoretical model, using a semiclassical input-
output formalism. ' Writing the semiclassical field-
amplitude fluctuations of the two infrared beams at the
OPO output as 8'a~ and Bag, the significant effect of the
feedforward loop is to correct the fluctuations Ba~ of
beam 8 by a term proportional to the fluctuations Ba~ of
beam 8. Neglecting losses in arm A, the field-amplitude
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FIG. 3. Experimental noise spectra of beam A, normalized
to the shot-noise level, (curve a) when the two beams at the
OPO output are quantum correlated and (curve b) decorrelat-
ed by the beam mixer HW1+BS1. The largest noise power
reduction is 24% below the shot-noise level (curve a). Theoret-
ical curves (c and d) represent the minimum obtainable noise

powers for these cases when the gain is optimized at every fre-

quency.

FIG. 4. Effect of a 50% attenuator inserted in beam A after
the intensity modulator, (left) when the two beams at the OPO
output are quantum correlated and (right) decorrelated.
Curves a are the noise spectra of beam A without attenuation,
while curves b are the noise spectra with attenuation. As ex-
pected, the attenuated noise tends toward the shot-noise level

in proportion to the amount of attenuation.

Sff(n) =&
I bitff(n) I')

= (1 —g) Si (0 ) +2gSg ii (0),
(2a)

(2b)

where Sl(Q) is the intensity noise spectrum of a single

beam at the OPO output (assumed to be the same for A

and 8), and Sq a(Q) is the noise spectrum of the inten-

sity diA'erence between the output fields, characterizing
the quantum correlation between the twin beams. SI
and S~ a are normalized to their associated shot-noise

levels. For an optimum gain,

S~ a(&o)
Si(no)

(3)

the intensity noise Sff(Qo) at frequency Qo reaches its
minimum value,

S~ a(&o)S,(n, ) =2S„,(n, ) 1—
2SI Qp

(4)

S~ g is less than 1 when beams A and B are correlated
at the quantum level, and was measured to be around
0.35 at 5 MHz. " Neglecting losses, SI is identified with

the noise spectrum of beam 2 with no optoelectronic
correction, and is everywhere greater than 1 for this ex-
periment. The theoretical optimum intensity noise

fluctuations Bag after correction become

Bag =6'a~ —gBaq,

where g is a parameter related to the gain of the feedfor-
ward loop. The intensity noise spectrum Sff(Q), normal-

ized to its shot-noise reference, is given directly by the
variance of the field fluctuations Baff(A) at frequency
g. 17

Sff(Qp) is traced in Fig. 3, curve c, as a function of fre-
quency Qo, where factors such as intensity modulator
loss, nonideal detection efficiency, beam imbalance at the
OPO output, and electrical noise are taken into ac-
count. ' The experimental result (curve a), shown su-

perposed, eft'ectively attains this optimum.
It is interesting at this point to consider a separate

case where beams A and 8 are not correlated (S~ ii =1).
As shown in Fig. 3, curve d, the optimum feedforward

gain for this case, while still correcting for much of the
excess noise in beam A, does not reduce the noise even to
the shot-noise level. This situation is readily attainable
experimentally by inserting a half-wave plate (HW1 in

Fig. 1) at the output of the OPO to rotate the polariza-
tion of each twin beam by 45'. Instead of separating the
two cross-polarized infrared beams, the beam splitter
BSI then randomly distributes them into arms A and

8. ' The resulting experimental noise reduction, with

the feedforward gain optimized for a minimum noise

around 5 MHz, is shown in Fig. 3, curve b. As in the
case of correlated beams, the experimental results are in

good agreement with theory.
For a last verification of the accuracy of the experi-

ment an attenuator was inserted in beam A immediately
before the double-balanced detector. A specific signa-
ture of sub-Poissonian light is that the noise power nor-
malized to its shot-noise level is increased with attenua-
tion, whereas for classical light it is decreased or left un-

changed. The normalized noise spectra of beam A are
shown in Fig. 4, when the beams at the OPO output are
quantum correlated (S~ ii ( 1, left figure) or decorrelat-
ed (S~ 8 =1, right figure) for the cases without attenua-
tion (curves a) or with a 50% attenuator (curves b). It is
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verified that the noise tends toward 1 in proportion to the
amount of attenuation, and that quantum noise reduc-
tion is degraded by a factor of 2 (left figure). Note that
the accuracy of the shot-noise calibration can be deter-
mined from these four spectra using linear extrapolation.
One finds an uncertainty in the shot-noise level less than
1%.

In conclusion, a quantum noise reduction of 24% in
the intensity noise of an intense light beam was observed.
The generation of this amplitude squeezed light was ob-
tained by optoelectronic feedforward correction, using
the quantum correlation properties of twin beams gen-
erated by an optical parametric oscillator. Such a tech-
nique seems attractive for potential applications, particu-
larly with the advent of monolithic OPO technology. '

Moreover, larger noise reductions can be expected with
improved OPO characteristics, ' such as smaller cavity
losses (or larger transmission of the output mirror) and
higher pump power.
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