PRL 101, 233604 (2008)

PHYSICAL REVIEW LETTERS

week ending
5 DECEMBER 2008

Measurement of Sub-Shot-Noise Correlations of Spatial Fluctuations
in the Photon-Counting Regime
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We have measured sub-shot-noise quantum correlations of spatial fluctuations in the far-field image of
the parametric fluorescence created in a type I beta-barium-borate nonlinear crystal. Imaging is performed
at very low light level (0.15 photons per pixel) with an electron multiplying charge coupled device camera.
Experimental results overcome the standard quantum limit shot-noise level without subtraction of the

variance of the detection noise.
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Spontaneous down-conversion (SPDC) occurs in a non-
linear crystal when a pump photon splits in a pair of signal
and idler photons. Even if the number of pairs fluctuates,
this relation is exact in the sense that, in the absence of
input light at the signal and idler frequency, the difference
between the signal and idler output photon numbers is zero
in an ideal experiment. Heidmann et al. [1] showed that the
spectrum of temporal fluctuations of the intensity differ-
ence between spatially monomode twin beams is below the
standard shot-noise level. Actually, the beams are en-
tangled: the phases of the beams are also correlated at
the quantum level, as shown by homodyne detection. If
the two detectors do not intercept the whole beams, the
correlation is reduced because for some pairs one photon is
detected while the other is not intercepted. Because “in-
tercepted” can be replaced by “‘detected” in the previous
sentence, such insufficient size of a detector is exactly
equivalent to a reduction of the quantum efficiency. The
situation is different for a strongly spatially multimode
beam issued from a traveling wave amplifier: Brambilla
et al. showed [2] that, for unity quantum efficiency, the
variance of the signal-idler photon number difference goes
to zero if the pixel size is much greater than the coherence
area. Indeed, Boyer et al. studied temporal fluctuations of
spatially broadband twin beams obtained by four wave
mixing in a hot atomic vapor and showed that part of the
beams larger than the coherence area exhibit sub-shot-
noise intensity differences [3], as well as entanglement
[4] if detected with local oscillators shaped as the beams.
These experiments demonstrate temporal entanglement of
“subbeams” but do not consider fluctuation of spatial
variables, like position or angle. Entanglement of such
variables for beams [5] has been demonstrated by combin-
ing TEM,), beams with a vacuum squeezed TEM,,; beam
and homodyne detection of temporal fluctuations [6]. On
the other hand, Boyd et al. [7], demonstrated spatial en-
tanglement of photon pairs in an image by varying the
position of detectors in both the near and the far-field and
recording temporal coincidences. Other spatial properties
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of twin photons have been extensively studied in the group
of Boston [8] by recording temporal coincidences.

Though dealing with spatial aspects of multimode
beams, all the experiments in the above references were
devoted to the characterization of temporal fluctuations or
temporal coincidences. However, patterns in an image are
pure spatial information, without any time aspect, that are
ultimately degraded by spatial fluctuations of quantum
origin for very weak images [9]. Jedrkiewicz et al. [10]
performed the first experimental demonstration of sub-
shot-noise behavior of spatial fluctuations of the signal-
idler difference. They imaged SPDC issued from a type II
beta-barium-borate (BBO) crystal onto a back-illuminated
charge coupled device (CCD) camera and showed that the
value of the variance of the difference between signal-idler
intensities on opposite pixels is below the shot-noise level.
However, this result was obtained, for a mean intensity
(signal + idler) of 15 photoelectrons, by subtracting the
variance of the readout noise, i.e., about 100 squared
photoelectrons, from a measured variance of 110 squared
photoelectrons. With a conventional CCD, diminishing the
relative weight of the detection noise would require the
acquisition of more intense images. However, unavoidable
classical noise, due, for example, to subpixel shifts be-
tween both images, becomes predominant for higher in-
tensities as it is clearly visible in data of Ref. [10], because
the variance of the classical noise scales as the square of
the intensity.

We present here a more direct demonstration of sub-
shot-noise correlations, without subtraction of the variance
of the detector noise from the measured variance, by
detecting single photons in low light level images with
an electron multiplying CCD camera (EMCCD). In such
cameras, the readout noise is rendered negligible by adding
a register where the photoelectrons are multiplied before
reading. Hence even a unique photon gives a signal that
emerges from the readout floor. However, the gain is
stochastic, as in an avalanche photodiode, and it is not
possible to assign a precise number of photons to each
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value of the output signal. It can be demonstrated [11] that
dividing the output signal by the mean gain results in
adding a Poisson detection noise, called excess noise,
having the same amplitude as the standard photon noise.
This excess noise prevents any attempt to detect sub-shot-
noise correlations, at least without subtraction of the vari-
ance of the detection noise. On the other hand, for very low
light level images there is either zero or one photon per
pixel and detection by thresholding can be almost perfect
for a high gain, even stochastic. In practice, false detections
occur whose number can be minimized [12] by choosing
an appropriate intensity (about 0.15 photon/pixel with our
camera) and by adjusting the threshold. In these condi-
tions, the variance of the detection noise is much smaller
than the mean intensity and detection of sub-shot-noise
correlations becomes possible.

The experimental setup is sketched in Fig. 1. The pump
pulse provided by the fourth harmonic (0.93 ps duration at
263.8 nm) of a Q-switched mode-locked Nd:glass laser
(Twinkle laser by Light Conversion, Inc.) at a repetition
rate of 33 Hz, illuminated a type I 7 X 7 X 4 mm?® BBO
nonlinear crystal. The far-field image of the parametric
fluorescence was formed in the focal plane of a lens by a
back-illuminated EMCCD camera from Andor technology
(model iXon+ DU897-ECS-BV) with a quantum effi-
ciency greater than 90% in the visible range. The detector
area is formed by 512 X 512 pixels, with a pixel size of
16 X 16 wm?. We used a readout rate of 10 MHz at 14 bit
and the camera was cooled at —85 °C. The exposure time
was 33 ms and the EM gain was set to 1000. In these
conditions, the readout noise has a standard deviation of
46 electrons and the level of clock induced noise, i.e.,
generation of spurious electrons during the transfer, is of
the order of 4 X 10 3¢ — /pixel. A threshold set to 2.8
readout noise standard deviations allows the number of
false detections to be minimized [12]. To eliminate the
residual UV, two dichroic filters with a nominal transmis-
sion of 95% at 527 nm were placed after the BBO crystal.
All the trajectory of the light after these dichroics was
enclosed in a tube in order to avoid parasitic reflections.
The energy of the 263.75 nm pump pulse was measured to
106 = 38 nl. The total quantum efficiency is the product of
the quantum efficiency of the EMCCD by the transmission
of the optical elements after the crystal.
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FIG. 1. Experimental setup.

Mot = TMcep X Mope = 0.9 X 0.68 = 0.62. (1)

Mcep 18 given by the manufacturer and 7, was measured.
In particular, a transmission by the two dichroic filters of
80% has been measured.

For a given crystal orientation corresponding to noncol-
linear phase matching and without chromatic filtering
around the signal frequency, the rings corresponding to
different wavelengths add incoherently in the image. As
shown in Fig. 2(b), degeneracy corresponds to the smallest
diameter. For nondegenerate wavelengths, the idler and
signal fluorescence form rings of different diameter.
However, because of momentum conservation, each pair
of twin photons emitted in the SPDC process, although not
equidistant from the center of the pattern, lie along a
diameter line. We have measured the difference between
the number of photons in opposite angular sectors, which
should go to zero for a perfect detector and negligible
diffraction, i.e., for a coherence area much smaller than
the pixel size [13]. This condition is fulfilled here because
of the wide illumination of the crystal: the measured pump
width on the crystal (FWHM) is 3.1 mm. For pure sponta-
neous down-conversion with negligible further amplifica-
tion and a pump beam area smaller than the crystal section
(7 X 7 mm? here), the down-converted beam has the same
intensity profile as the pump beam. The width of the
coherence area in the far field, 0.14 mrd (FWHM), is
proportional to the inverse of the width of this beam [14]
and is smaller than the 0.32 mrd lateral size of the CCD
pixel.

Figure 3 shows a sum of 58 single shot images of para-
metric fluorescence recorded by the EMCCD. Unlike in a
single image, the fluorescence ring is clearly visible. The
mean level in the ring for one image, about 0.15 photon per
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FIG. 2 (color online). (a) Noncollinear phase matching: JZ,,,S,,»
wave vectors of, respectively, pump, signal, idler. (b) Phase
matching curves in the angle-frequency plane. The vertical arrow
shows the opposite conjugate photons at the degeneracy (w; =
wy): it corresponds to the smallest ring. In the nondegenerate
case, idler and signal photons have symmetrical frequencies with
respect to degeneracy but nonsymmetrical angles: see (a).
(c) Correlation between angular sectors. For noncollinear phase
matching, idler, and signal form rings of different diameters.
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FIG. 3 (color online). Sum of 58 low light level images.

pixel, has been chosen in order to minimize the number of
false detections [12]. Moreover, the mean number of pho-
tons for one spatiotemporal mode is less than 100, resulting
in theoretical Bose-Einstein photon distribution [15] that is
undistinguishable from a Poisson distribution. Indeed, the
number of amplified temporal modes is approximately 40
[14] and the number of amplified spatial modes on a pixel
is of the order of (0.32/0.14)% = 5.

To take into account the nonuniform level of the elec-
tronic background over the detector area, this background
is measured in darkness and subtracted from the SPDC
images in the form of a mean square plane. Then, a thresh-
olding procedure is applied on each image, in order to de-
cide whether there is one or zero photoelectron on each
pixel [12]. Note that it is not possible to distinguish the
(rare) cases where two photoelectrons are present on one
pixel. The SPDC image is divided in a number S of angular
sectors, S = 180, and a number of photons n; is deter-
mined in the intersection of each of these sectors with a
ring, delimited by the white circles on Fig. 3, encompass-
ing the greatest part of the multimode SPDC. The center of
this ring is determined in order to obtain the most regular
distribution of light between sectors on the sum image.
Note that only the pump beam experiences walk-off, with
no practical consequences since this pump beam is not
detected. The size of a sector, 240 pixels, results from a
compromise between effects of diffraction and not perfect
centering, that are more sensitive for small sectors, and of
the other classical noises (e.g., deterministic residual aber-
rations, see below) that predominate if the number of
photons in a sector is too large. The symmetrical sector-
pair correlation is evaluated by estimating the variance of

the photon number difference between two opposite sec-
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quantity either by the mean number of photons in a sector
Moy = % 3% | n; (black cross points on Fig. 4) or by the

nisspn)? and dividing this

variance of the photon number in a sector o5 = ﬁ X

31 (n; = npey)?* (squares). Sub-shot-noise correlation
corresponds to coefficients significantly smaller than 2,
value that would characterize independent sectors with
Poisson photon distribution. Figure 4 shows the experi-
mental results for 58 single shot images with a mean
comprised between 0.1 and 0.25 photon/pixel: each point
corresponds to a single shot measurement with a statistics
performed over the 180 sectors. Results can be summa-
rized for the whole set of images as

2 2
p=Td— ] 534068 r="9T=175+050. (2)
Moy K

For both values, the uncertainty range is centered on the
average 7 or 7 of the coefficients of the 58 images and the
range width, i.e., =2 standard deviations of these 58 co-
efficients, gives a confidence of 95% for Gaussian mea-
surement errors. The dispersion of the measurements of 7 is
mainly due to the measurement of o, on a limited set of
90 pairs of sectors, giving a theoretical standard deviation
for Gaussian statistics equal to (2/90)!/202, hence a
standard deviation on r, by neglecting the much smaller
uncertainty on nyq,: o, = (2/90)!/2r, i.e., a theoretical
uncertainty range of *£0.45 centered on the experimental
value 7 = 1.53. The other important source of dispersion
of r comes from the fluctuations of the mean photon
number from an image to another due to the fluctuations
of the pump energy. Though some measurement values on
individual images are greater than 2, in accordance with the
uncertainty range of Eq. (2), the mean coefficients are
highly significantly smaller than 2:

(ry =1.53 £0.09, (r"y =175 £ 0.07. 3)

The uncertainty range on the mean coefficients in Eq. (3)
is obtained by dividing the uncertainty on each image in
Eq. (2) by the square root of the image number (+/38). The
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FIG. 4. Experimental results: each point corresponds to a
single shot measurement.
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most reliable result is given by the coefficient (r'); indeed,
the variance of the photon number in a sector appears to be
smaller than the mean photon number, while the equality is
expected for a Poisson distribution. This phenomenon can
be easily explained by taking into account the cases where
two photoelectrons or more are accumulated in the same
pixel. If wu is the true mean number of photoelectrons
accumulated in one pixel, a thresholding procedure would
give, in the absence of false detections, a measured mean m
given by

m=1-p(0)=1—exp(—pn), “

where p(0) is the probability of detecting no photoelectron.
The first equality expresses the fact that the thresholding
procedure is unable to distinguish between one and more
photoelectrons on one pixel, while the second equality
reflects the Poisson distribution of photoelectrons. With
the same hypotheses, the measured variance v is given by

v =m?p(0) + (1 —m)*(1 = p(0)) = m(l —m). (5)

Hence, the measured variance is smaller than the measured
mean, because of the binary detection. On the other hand,
the variance of the difference is affected in the same way as
the variance by this effect and the ratio between these
variances gives an estimation of quantum correlations,
with a standard quantum limit equal to 2. By using this
ratio, we have therefore demonstrated experimental quan-
tum correlations between opposite sectors, with neither
corrections or artifacts due to the detector. The other
detector errors are false detections of one photon when
there is none, and no detection of an incident photon,
because of either the nonunity quantum efficiency or the
nonzero value of the threshold [12]. Both errors deteriorate
quantum correlations.

We have calculated the spatial distribution of quantum
fluctuations of SPDC by using the Green’s function method
described in [13] and including a realistic model of the
EMCCD camera. With this model, we obtain

2

p=Zdit 33 (6)

For a perfect detector, the ratio value is 0.57, with a weak
contribution of diffraction, because the size of the coher-
ence area is much smaller than the pixel size [13]. Almost
all the loss before detection of one photon in a pair is due to
noncollinear phase matching, in the cases where the signal
ring is included in the detection area while the idler ring is
outside this area. If the detection was perfect, such a
situation could be avoided by extending the outer diameter
of the detection ring. However, in practice, experimental
results are worse because of the contribution of the detector
noise in the low intensity part of this area. A part of the
remaining difference between experiment (' = 1.75) and
theory (r/ = 1.33) is due to deterministic aberrations.
Indeed the photon number values in the angular sectors
determined on the sum of the 58 images have a determi-

nistic part depending of the angle. After division by the
number of images, the value of this deterministic signal is
much weaker than the quantum random signal but non-
negligible, and leads to an increase of r of about 0.1.
Nevertheless, a discrepancy remains, whose origin is not
clear. Note, however, that parametric amplifiers are often
described in quantum optics by introducing an ‘‘excess
noise” factor [16], whose origin comes from distortions
in the pump wave front.

In conclusion, we have experimentally demonstrated
that opposite spatial fluctuations of spontaneous down-
conversion radiation are correlated in the quantum regime.
The variance of the photon number difference between
opposite sectors is equal to (/)= 1.75=*0.07 X
the variance between sectors (at 95% of confidence), i.e.,
clearly below the quantum limit of 2 for Poisson noise.
This coefficient is issued directly of our measures: the
variance due to detection noise has not been subtracted
of the experimental measured variance. The next step will
consist in demonstrating true “‘spatial coincidences” for
pair of photons on opposite pixels, by using chromatic
filtering around degeneracy.
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