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Abstract:  We show that it is possible to estimate the shape of an object
by measuring only the fluctuations of a probing field, alowing us to
expose the object to a minimal light intensity. This scheme, based on noise
measurements through homodyne detection, is useful in the regime where
the number of photonsislow enough that direct detection with a photodiode
is difficult but high enough such that photon counting is not an option. We
generate a few-photon state of multi-spatial-mode vacuum-sgueezed twin
beams using four-wave mixing and direct one of these twin fields through
a binary intensity mask whose shape is to be imaged. Exploiting either the
classical fluctuations in a single beam or quantum correlations between
the twin beams, we demonstrate that under some conditions quantum
correlations can provide an enhancement in sensitivity when estimating the
shape of the object.
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1. Introduction

The use of quantum correlated resources to enhance sensing and measurement has been an
active field of research in recent years [1]. Multi-spatial-mode quantum states of light have
become available [2-5] and have allowed for the development of imaging techniques that can
surpassclassical limitson resolution [6-8] or enhance signal-to-noise[9-11]. Here we present a
technique that exploits the noise properties of multi-spatial-mode vacuum-sgqueezed twin beams
to detect the shape of an object being probed by one of the beams. Whilewe are able to estimate
the shape of the object by monitoring only the fluctuations of the beam that probes it, we
obtain an enhancement in this estimation sensitivity under certain conditions by exploiting the
guantum correlations between the twin beams.

It is possible to estimate the shape of a binary (hard-apertured) intensity mask by probing
it with alight field and performing a homodyne detection of the light that passes through it.
The local oscillator (LO) spatialy selects which portions of the probing field are detected, so
the homodyne detection effectively acts as animaging device [12,13]. By optimizing the shape
of the LO to maximize the mode matching with the probing field after the mask (the L O-mask
overlap), the object’s shape can beinferred. If the mask is probed with a state of light consisting
of asmall number of photons, determining the mean value of the field becomes difficult due to
unavoidable quantum noise. We can, however, use the same homodyne technique to measure
the noise of the field rather than its mean value in order to extract information about the object’s
shape. Homodyne detection provides the additional advantage of allowing the discrimination
of asignal against a background at other wavelengths.

A coherent state would not be a suitable choice to probe the mask since it is a displaced
vacuum state. Its noise properties would thus remain unchanged regardless of how the probe
field is atered or attenuated by the mask [14]. On the other hand, a state whose quadrature
fluctuations are not at the shot noise limit (SNL) can provide information about the shape
of the mask. For example, if athermal state is used, the mask’s shape can be estimated by
manipulating the shape of the LO to optimize the geometric overlap between the field that
passes through the mask and the L O to maximize the detected level of excess noise relative to
the SNL. Since thermal states are classically obtainable, we will refer to such a single-beam
method as a classical noise imaging technique.

In many situations a reference beam is used to eliminate correlated sources of noise and
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to improve the signal-to-noise ratio for a given measurement [15, 16]. We extend this idea to
noise imaging by exploiting the quantum correlations between vacuum-squeezed twin beams
to improve the estimation of the shape of the mask over the classical noise imaging technique
described above. We refer to this two-beam technique as a quantum noise imaging technique.
In this paper, we use twin beams generated by four-wave mixing (4WM) to directly compare
these two techniques and find that the quantum technique provides an enhanced sensitivity to
changes in the LO-mask overlap and thus a greater confidence in estimating the shape of the
mask.

2. Four-wave mixing and sgqueezed light detection

To generate the light states needed for this experiment, we have used 4WM in a double-A
configuration [17] in a hot &Rb vapor (Fig. 1(a)-(b)). The 4WM process converts two photons
from a single pump beam into a pair of photons emitted into twin fields referred to as the
probe and conjugate. These twin beams exhibit strong amplitude correlations such that the
amplitude difference noise is below the SNL [18]. Taken individually, these fields are thermal
states exhibiting uniformly distributed excess noise.
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Fig. 1. (a) Four-wave mixing in 8°Rb. Probe and conjugate fields are coupled over arange
of angles A¢ and selected for measurement via homodyne detection at ¢. (b) Double-A
schemein 8°Rb. (c) Experimental set-up. Probe and conjugate local oscillators are shaped
into bow ties and are rotated with respect to the mask. Resultant homodyne signals are
subtracted. The black dotted circles joined by the arrow indicate coherence areas, localized
regions of correlations between the probe and conjugate. LO denotes the local oscillator
and SV the squeezed vacuum light.

Quantum correlations between the probe and the conjugate can be measured by perform-
ing a balanced homodyne detection of each field and subtracting the homodyne signals for
appropriately chosen phases of the LOs. The noise of a single mode's generalized quadrature
Xo = f(a’fe"’ +ae71%) = X cos@ + Y sin6 is measured by choosing the LO phase 6. We sub-
tract the noise of the probe and conjugate generalized quadratures to obtain the noise of the
joint quadrature XJ = )Ze"p —X§ . Given probe and conjugate L O phases respectively denoted by
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0, and 6, Xg is squeezed under the condition that 6, + 6. = . We therefore only need to con-
trol the phase of one of the LOs (using a PZT-mounted mirror) to detect the level of squeezing
between the probe and conjugate.

To implement the 4WM process, a linearly polarized intense pump beam (300 mW) is fo-
cused down to a 5 diameter of 1.2 mm inside a 1.25 cm long %Rb cell heated to 110°C. The
probe and conjugate frequencies are unseeded, so the resulting probe and conjugate fields are
generated from spontaneous emission. The frequency of the pump beam is detuned 800 MHz
to the blue of the |5%S; ,,F = 2) — |5°P»,F = 3) transition at 795 nm. After separating
the pump beam from the probe and conjugate beams with a polarizing beam splitter, each beam
is sent to a balanced homodyne detector using a pair of matched photodiodes with quantum
efficiencies of approximately 95%. The total optical path losses from the 4WM process to the
homodyne detection are approximately 4%.

3. Experimental procedure

To characterize each technique's sensitivity we reduced the LO search to a one-dimensional
problem by choosing our mask to be in the shape of a bow tie that can be oriented at an arbi-
trary angle around its center of symmetry (Fig. 1(c)). The position of the center of symmetry
was fixed, and the only free parameter to be estimated was the mask’s angular orientation. We
generated probe and conjugate LOs with congruent bow tie shapes but rotated at an arbitrary
common angle relative to the mask. The estimated parameter is the overlap between the conju-
gate after the mask and its LO, which is afunction of the angle. We then recorded the resultant
guadrature noise powers with a spectrum analyzer as a function of the overlap for the classical
and quantum noise imaging techniques. In order to reliably measure the amount of squeezing
in the quantum case, the phases of the LOs were quantum noise locked [19] such that the twin
beam quadrature noise difference was always minimized for each overlap value.

An important feature of the correlated fields generated by our 4WM set-up is that they are
multi-spatial-mode [20], which can in general provide greater flexibility in obtaining an en-
hancement with these states [14]. Quantum correlations between the probe and conjugate are
localized to pairwise correlated regions within the beams referred to as coherence areas [21,22]
(Fig. 1(c)). In order to measure and compare only correlated coherence areas we symmetri-
cally generate LOs for the probe and conjugate by shaping the probe beam using a spatial light
modulator (SLM) to shape the spatial profile of a coherent state at the probe frequency. We
then use this beam to seed a second 4WM process (Fig. 2). This technique [23] ensures that
only the spatial modes supported by the process will be present in the LOs and that any mode
distortions due to Kerr lensing [20] will be accounted for as the beams propagate to the far
field. Additionally, the use of a second 4WM process guarantees that the spatial profiles of the
probe and conjugate L Os are manipulated synchronously so that only correlated regions of the
probe and conjugate fields are detected as the shapes of the L Os are manipulated. Without any
mask present, we align the LOs to the twin fields in order to maximize the squeezing. The
mask is then inserted into the conjugate field, and we begin the search for the mask’s shape by
mani pulating the transverse profile of the LOs.

We calibrated the LO-mask overlap by splitting the seed beam used to generate the LOs
and sending it to seed the 4WM process formerly used to generate the vacuum-sgueezed twin
beams, so that bright twin beams are obtained in their place. These bright twin beams can
then be interfered with their LOsin order to optimize mode matching and ensure proper initial
alignment for the homodyne detection. As we rotated the angular orientation of the bow tie
shapes on the SLM, we observed that the homodyne mode-matching efficiencies between the
bright beams and their LOs stayed near 97% for both the probe and conjugate. We then inserted
the mask into the bright seeded conjugate beam and directly detected the fraction of transmitted
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power as the angle of the bow tie was changed using the SLM. This procedure allowed us to
factor any non-uniformity in the beam’s intensity profile into the evaluation of the overlap at
any LO orientation.

The noise generated by the homodyne difference signal was detected at 750 kHz using a
spectrum analyzer in zero-span mode with a resolution bandwidth of 30 kHz, a video band-
width of 100 Hz, and a sweep time of 1 s. The detected noise was digitized into 460 points, and
the average noise power of these 460 points was taken to be a single quadrature noise measure-
ment. To characterize each measurement’s statistical uncertainty, we divided each trace into 46
segments consisting of 10 points each. We adopted this procedure after verifying that cluster-
ing the datainto 10 point segments maintained statistical independence among tthese segments.
The average value of each segment was tabulated, and the standard deviation of these 46 values
was calculated to characterize the measurement’s statistical uncertainty. Finally, 10 series of
measurements were taken at 15 different local oscillator bow tie angles for both the quantum
and classical noise imaging techniques. This data is presented for the classical and quantum
techniquesin Fig. 3(a). Since each series of measurements was separated by approximately 20
minutes, the datain Fig. 3(a) indicates an experimental stability over several hours.
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Fig. 2. A spatial light modulator writes adiffraction grating with aregion of constant phase
in the desired transverse shape of the local oscillator. A coherent state is scattered from
the diffraction grating and an f-f optical system and telescope focus the Fourier transform
of the pattern into a Rb cell where 4WM occurs, generating two local oscillators at the
appropriate frequencies and desired shape in the far field.

We first consider the quantum noise imaging technique (blue trianglesin Fig. 3). If the con-
jugate LO does not spatially overlap with the conjugate field that passes through the mask its
measured fluctuations will be near the SNL. On the other hand, since the probe field passes un-
obstructed to its homodyne detector, its homodyne detection will produce excess noise. There-
fore the homodyne difference signal will yield anet excess noiserelative to the twin beam SNL.
Asthe overlap between the conjugate and its LO increases, however, the quantum correlations
between the twin beams are recovered. Assuming that the noise properties are identical for all
the coherence areas, the search for the mask’s shape is compl ete when the amount of squeezing
is maximized for the largest LO area possible.

The classical noise imaging technique is implemented by simply blocking the probe beam
(red squaresin Fig. 3). The only difference isthat the conjugate beam, taken alone, isatherma
state with excess noise. In this case, the search for the shape of the mask consists of maximizing
the excess noise by manipulating the LO.
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4, Results

We wish to quantify the relative sensitivity between the quantum and classical noise imaging
techniques in detecting changes in the LO-mask overlap for different overlaps. To do this we
introduce the relative uncertainty in the overlap estimation AOeg:

AN
AOeg = —

JIN
156

)

AN represents the measured standard deviation of a given noise power N and gg is the slope
of the noise power as a function of the overlap. In other words, AN quantifies the “noise on the
noise,” which incorporates both sources of statistical uncertainty and technical noise. g%‘ isset
by both the spatial mode composition of the light illuminating the mask as well as the mask’s
shape [14]. To estimate g%, we computed alinear fit to the noise data at overlaps greater than
0.8 and extrapolated to an overlap of unity. We then included this extrapolated point in a 3rd
order polynomial fit and plotted the result in Fig. 3(a). Fig. 3(a) confirms that for overlaps near
unity the excess noise and squeezing are maximized for the classical and quantum techniques,
respectively.
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Fig. 3. (3) Mean quadrature noise power N for the conjugate’s excess noise (red squares)
and twin beam difference signal (blue triangles) as a function of overlap between the mask
and the conjugate LO. Standard deviations of the mean are on the order of the marker size
and not illustrated. Third order polynomidl fits to the data are included. (b) Comparison of
the uncertainty in the estimated L O-mask overlap for the classical and quantum techniques,
on alog scale, as afunction of the overlap for the single and twin beam measurements.

In Fig. 3(b), we present curves comparing AOgy for the classical and quantum schemes.
As Fig. 3(b) suggests, the quantum noise imaging technique provides a higher sensitivity to
changes in the overlap than the classical technique. Although the comparable magnitudes of
|§%| indicated in Fig. 3(a) might suggest that the quantum and classical cases should exhibit
comparable values for AOe, the difference between the curves in Fig. 3(b) can be explained
by the variation of AN with overlap. Specifically, the value of AN is expected to scale with the
noise power N. For a given overlap the magnitudes of |§%‘| are similar for each technique, but
the smaller value of AN for the quantum technique will yield a smaller value of AOeg.
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Since the objective of these techniquesisto estimate the shape of the mask, we wish to oper-
ate in the regime where the overlap is close to unity. For overlaps of 0.9 and above, the quantum
case provides an enhancement over the classical case by a factor of 6.3 + 0.4, corresponding
to enhancement in the estimation of the angle by afactor of 3.8 for small angles. The enhance-
ment factor of 6.3 was calculated by averaging AOey for overlaps above 0.9 in Fig. 3(b) for
the quantum and classical techniques. The angular enhancement factor of 3.8 was obtained by
separately calibrating the measured L O-mask overlap as afunction of the angle between the LO
bow tie and the mask. Theindicated uncertainties here and in the figures represent one standard
deviation, combined statistical and systematic uncertainties.

We have verified that the classical techniqueis limited by fluctuations of the conjugate field.
On the other hand, we are able to observe excess technical noise introduced by the quantum
noise lock used for the measurement of the squeezed noise power for the quantum technique.
This leads to a degradation in sensitivity when estimating the angle of the mask. Since this
technical noise is not present on the excess noise measurements of the classical technique it
decreases the enhancement provided by quantum noise imaging technique over the classical
technique. Accordingly, even larger enhancements should be possible. The advantage that can
be obtained with the quantum technique over the single-beam classical technique is dependent
on the amount of squeezing present [14]. Losses after the twin beam source will erode this
advantage depending on how they are distributed between the probe and conjugate. In partic-
ular, unbalanced losses between the beams would alter the sensitivity and could eliminate any
advantage.

5. “Alphabet gun” test

While we have shown that the quantum noise imaging technique can improve the sensitivity
in determining the maximum L O-mask overlap, we also show that this technique can be used
with a simple search algorithm to recognize a mask among a given set of choices. We place
a mask cut into the shape of the letter Z into the path of the conjugate field and then shape
the probe and conjugate LOs with the SLM to form the various letters of the Latin alphabet
(Fig. 4(a)). All letters are positioned such that their glyph widths exactly overlap (Fig. 5). Each
letter essentially functions as a guess for the shape of the mask. With no mask inserted into the
path of the conjugate beam, each choice of LO letter yields dlightly different levels of detected
single beam excess noise and twin beam squeezing due to the spatial mode structure of the twin
beams. These noise levels serve as baselines for comparison when the mask isinserted. We then
look at the deviation from these baselines upon insertion of the mask:

NI
D = Nimasked ) (2)
baseline

D' denotes the deviation in the noise power for LO letter i, N,‘naSked is the noise power recorded
by the homodyne detection with the mask present, and N; i Signifies the unmasked baseline
Noi se power.

For the classical technique, the presence of the mask leads to varying degrees of reduc-
tion in the measured excess noise (Fig. 4(b)). For the quantum technique, the mask causes the
measured quadrature-difference noise to increase and, for most choices of LO letter, for the
sgueezing to be lost. In fact, only the correct choice of the LO letter (Z) continued to yield any
sgueezing. It should be noted that the letter | in the chosen font did not produce a strong enough
L O to elevate the single beam shot noise significantly above the electronic noise floor, so it is
not included in Fig. 4(b)-(c).

Although both the classical and quantum estimation techniques correctly suggest that the
letter Z isthe best choice of L O, the quantum technique provides a higher degree of confidence.
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Fig. 4. (a) Probe and conjugate L Os are generated in the shape of each letter of the apha-
bet and used in a balanced homodyne detection. The conjugate field illuminates the mask
whose shape is to be estimated. (b) Deviation from initial excess noise for the classical
noise imaging technique upon insertion of the mask versus choice of letter for the local
oscillator. (c) Deviation from initial squeezing level for the quantum noise imaging tech-
nique upon insertion of the mask. The baseline of squeezing between the twin beams for
the LO letter Z is -2.2 dB, measured without the mask. With the mask inserted, only the
mask shaped as the letter Z maintains any squeezing. The gray regionsin (b)-(c) represent
the value of D' and its associated uncertai nty for the correct LO choice, Z. The letter “1” in
the chosen font did not produce a bright enough local oscillator to elevate the quadrature
noise power above the electronic noise floor of our detectors.

Fig. 5. Local oscillators used for the alphabet gun test (Media 1).
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Uncertainties in the deviation incorporate contributions from both the baseline and masked
noise measurements. These uncertainties are plotted along with their associated changes in
sgueezing and excess hoisein Fig. 4. For the quantum case (Fig. 4(c)), the correct choice of LO
is separated from the next closest choice (the letter T) by over 7 standard deviations. For the
classical case, however, the quadrature noises for the letters T and Z lie within their respective
uncertainties.

6. Conclusion

In conclusion, we have demonstrated the ability to estimate the shape of abinary intensity mask
using homodyne detection of the noise of vacuum-squeezed twin beams used to illuminate the
object. In the classical and quantum techniques described, the mask is exposed to exactly the
same state of light, which containstoo few photonsfor direct detection of the amplitude quadra-
ture and too many photons for current photon counters. These techniques might therefore prove
useful for imaging applications where aminimal exposureto light is critical (e.g. when dealing
with low optical damage thresholds or when it is desirable that the detection go unnoticed). A
promising application is related to imaging of biological samples under controlled conditions
where squeezing could be maintained and the exposure of the sample minimized [24].

The classical noise imaging technique exploits the fact that, taken individualy, each of the
twin beams behaves like a thermal state of alight characterized by uniform excess quadrature
noise. Although the excess noise properties of asingle beam can be used, we have demonstrated
that the quantum correlations of the twin beams offer an enhancement in sensitivity for the
regime of high LO-mask overlap. As explained in [14], these correlations must be quantum
for an enhancement to be possible. Additionally, we showed that a mask can be recognized
among a given alphabet of choices with increased confidence using the quantum noise imaging
technique. As one can notice in the associated video, the resolution with which we generate
the LOsislimited. The constraint on the resolution is the limited pump power available for the
AWM process, which places a practical upper bound on the pump’s available transverse size.
Increasing the pump’s transverse size at a given intensity would increase the resolution of the
LOs[11] and should improve our ability to estimate the shape of the mask.

Finally, we note that one could in principleidentify a phase mask separate from, or in addition
to, anintensity mask with asimilar technique. The search for a phase mask would require ascan
over the LO phase in only the beam that passes through the mask. Such a search would not be
possible, however, using the “classical technique”’ since for athermal beam all phases have the
same noise level.
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