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The presence of multiple bipartite entangled modes in squeezed states generated by four wave mixing
enables ultra-trace sensing, imaging, and metrology applications that are impossible to achieve with
single-spatial-mode squeezed states. For Gaussian seed beams, the spatial distribution of these bipartite
entangled modes, or coherence areas, across each beam is largely dependent on the spatial modes present
in the pump beam, but it has proven difficult to map the distribution of these coherence areas in frequency
and space. We demonstrate an accessible method to map the distribution of the coherence areas within
these twin beams. We also show that the pump shape can impart different noise properties to each
coherence area, and that it is possible to select and detect coherence areas with optimal squeezing with
this approach.
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1. Introduction

Four-wave-mixing [1] in alkali vapors can amplify many spatial modes, or coherence areas [2],
resulting in a two-mode squeezed state for each coherence area pair across the resulting twin
beams [3–7]. The coherence area defines the spatial extent of each bipartite entangled mode within
the twin beams. The presence of multiple coherence areas even within beams exhibiting simple
spatial mode structure - such as TEM00 beams - enables quantum enhanced imaging, nonlinear
interferometry, and quantum plasmonic sensing and imaging platforms that benefit from the spatial
distribution of quantum correlations [4, 6, 8–19].

The total number of coherence areas in twin beams generated by four wave mixing is dependent
on the angular acceptance bandwidth, and the distribution of coherence areas is strongly dependent
on the pump and probe intensities, beam profiles, and waist positions, along with the pump and
probe frequency detuning [3, 4, 20, 21]. However, while other authors have rastered razor blades
symmetrically and anti-symmetrically across squeezed states in order to reveal the presence of
multiple coherence areas [3, 5, 22], those approaches did not yield any information about the
distribution of coherence areas. Similarly, the approaches used to profile photon number statistics in
twin beams generated by spontaneous parametric downconversion with iCCD and EMCCD cameras
[23–27] have not proven suitable for application to bright twin beams like those discussed here. The
ability to map and control the distribution of quantum correlations in a stable and compact four-
wave mixing geometry will enable significantly advanced multi-spatial-mode quantum sensors. Here
we demonstrate an accessible method to characterize this distribution. For specific spatial filter
configurations and pump detunings, we show that the excess noise in some spatial modes can be
filtered, resulting in increased quantum correlations in attenuated beams. By mapping out the
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spatial distribution of quantum correlations as a function of available parameters, this technique
will enable deterministic control over the spatial distribution of quantum correlations in squeezed
twin beams.

2. Multimode Intensity Difference Noise

The squeezed state used in this experiment was generated via four wave mixing with a weak seed
probe beam of 50 µW redshifted by 3.045 GHz from a 105 mW pump beam in a one-inch long
85Rb vapor cell whose stem was held at a temperature of 80 ±1◦ C. The two beams intersected at
their waists in the vapor cell at an angle of 7 mrad. The coherent emission of a conjugate photon
for each probe photon resulted in quantum correlations between multiple pairs of coherence areas
that comprised the probe and conjugate fields. Under the above conditions, blueshifting the pump
frequency 1.45 GHz from the F=2 to excited state transition resulted in 4.5 dB of quantum noise
reduction (corresponding to a gain of 12.6 with 85% transmission on the probe channel).

Figure 1. (a) Schematic of squeezing measurement performed on split photodiode with weak probe beam of 50 µW offset by

3.045 GHz from a 100 mW pump beam. (b) Energy level diagram illustrating double Λ system in 85Rb at the D1 line (795 nm).

(c) Schematic of D-mirror measurement with 94% quantum efficiency balanced photodiodes provides analog to split detector
measurement while allowing for control over which modes are sent to balanced photodiode. The distribution of optical power

between A and B and C and D is determined by the relative position of each D-mirror.

The split photodiodes that are used for optical beam displacement measurements enable a simple
technique for mapping the spatial distribution of coherence areas. As shown in Fig. 1a, it is possible
to measure quantum noise reduction when the probe and conjugate beams are equally divided on
a high quantum efficiency split photodiode [12]. If the coherence areas in each beam were well
isolated on each side of the split photodiode, then the measured noise A − D − B + C would be
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identical to that measured when the probe and conjugate were detected by separate channels on a
balanced differencing photodetector. On the other hand, any pair of coherence areas that are split
on the detector will yield reduced squeezing. Despite this, split detectors do not easily allow the
rejection of individual modes. The emulated split detector illustrated in Fig. 1c splits the probe
and conjugate beams on D-mirrors before detection by a balanced photodetector, enabling the
same coherence area profiling while also allowing the characterization of each channel separately.
Below, we consider the cases in which the detector basis and amplifier basis each consist of multiple
eigenmodes which do not perfectly overlap.

One can arrive at a simple model for the noise on the probe and conjugate fields by considering the
four wave mixing process as an ideal phase insensitive amplifier, with infinite bandwidth assumed
for brevity. The equations of motion for such an amplifier based on a nonlinear optical medium
are:

ȧpr = κa†c; ȧc = κa†pr, (1)

where the pump field has been taken as a classical amplitude and subsumed in κ, which represents
the effective nonlinearity, pr denotes the probe field, and c denotes the conjugate field. The solutions
to the equations of motion give the time varying operator amplitudes

apr(t) = apr(0)
√
G− ac(0)†

√
G− 1; (2)

ac(t)
† = ac(0)†

√
G− apr(0)

√
G− 1, (3)

where
√
G = coshκt.

If the amplifier is seeded with a coherent state on a single input port (the probe port, for instance),
the total shot noise for the sum of the two output fields is 〈∆N2

shot〉 = ηGα∗prαpr + η(G− 1)α∗prαpr.
For a set of amplifiers operating in parallel on coherent states incident on one input port of each

amplifier, if all fields were to be collected on the same detector, the total shot noise on the probe
and conjugate fields is:

〈∆N2
pr〉 =

M∑
i=1

ηiGiα
∗
iαi; 〈∆N2

c 〉 =

M∑
i=1

ηi(Gi − 1)α∗iαi, (4)

where M is the total number of amplified modes. The summed noise on the output intensity
differences across all amplifiers is

〈∆N2
−〉 =

M∑
i=1

ηiα
∗
iαi, (5)

Coherence areas distributed over both detector elements contribute fractions of shot noise units
to the combined measurement noise [15]. For a given beam position x relative to the center of the
split detector, some of the coherence areas may perfectly overlap with one of the detector modes,
yielding lower measured noise:

〈∆N2〉 =
1

P0

[
Psns

(2G− 1)
+

(
M∑
i=1

Pi(x)n′i(x)

ηd(2G− 1)

)]
, (6)

where Ps/P0 is the fraction of optical power in coherence areas isolated in one mode of the detector,
Pi(x) is the power partially incident on a detector mode from the ith optical mode such that∑M

i=1 Pi(x) = P0 − Ps, ns = 2G− 1 + 2ηd − 2Gηd is the twin beam noise for single spatial modes,
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Figure 2. (a) Horizontal probe and pump beam profiles at their respective waists in the center of the vapor cell, and (b) the
probe and conjugate beam profiles in their respective image planes after four-wave-mixing.

ηd is the combined detector efficiency, M is the total number of modes split across the detector,
n′i(x) = ηi(x)(2G − 1 + 2ηi(x) − 2Gηi(x)) is the noise of the ith mode, where ηi(x) depends on
misalignment, and it has been assumed that each amplifier mode has equal input amplitude and
equal gain.

3. Experimental Mapping of Coherence Areas

A misalignment which results in a splitting of coherence areas across the two detector halves of
a split detector adds both fractions of shot noise units and excess noise associated with the anti-
correlated coherence area pairs. If the probe and conjugate coherence areas are split in the same
way (as mirror images of one another in their image planes), then the excess noise is subtracted
within the detector’s common mode rejection limits, and Eq. 6 applies. In this case, only fractions
of shot noise units are added to the noise floor, resulting in a linear dependence of the quantum
noise reduction on the fraction of power in the misaligned coherence areas [28]. In the limit that
all coherence areas in the probe and conjugate channels are evenly split (mimicking a single mode
squeezed state), the noise in Eq. 6 increases by 3 dB, indicating that in spatially filtered measure-
ments (such as imaging or beam displacement), a multimode squeezed state always outperforms a
single mode state.

Creating an emulated split detector by using D-mirrors to select the modes A,B,C, and D il-
lustrated in Fig. 1 before adding modes A and C and B and D on each channel of a balanced
photodiode allows an accurate reproduction of a split detection measurement and also allows the
straightforward measurement of correlations between A and D or B and C by simply blocking the
necessary channels. The coherence areas in the probe and conjugate beams demonstrate inver-
sion symmetry around the center of the pump beam in their respective image planes as a result
of conservation of momentum in the four-wave-mixing process. Thus, by sweeping the D-mirrors
illustrated in Fig. 1c across the twin beams from opposite sides in their respective image planes,
the measured quantum noise reduction will be maximized when coherence areas are maximally
isolated on an individual channel, and minimized when coherence areas are split across both chan-
nels. Sweeping the D-mirrors horizontally and then vertically enables a full spatial mapping of the
distribution of quantum correlations within the twin beams.
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Figure 3. Horizontal noise distribution across probe and conjugate fields as a function of probe and conjugate D-mirror

positions. Left: B and C modes are blocked while A and D are collected on a balanced detector. Right: the split detector

configuration shows the spatial mode structure across the two beams when all four modes are detected as in Fig. 1.

The probe exhibited a Gaussian beam profile at its waist, while the waist of the pump beam
exhibited a bimodal structure at the same position as shown in Fig. 2a. The large gain required for
optimal squeezing in our experimental configuration resulted in a strong Kerr lensing effect that set
the probe and conjugate image planes close to the vapor cell, making them difficult to isolate from
the scattered pump field. Red-shifting the pump reduced the Kerr lensing effect at the expense
of reduced squeezing. In particular, red-shifting the pump by 250 MHz from the pump frequency
associated with 4.5 ±0.05 dB of squeezing resulted in 1.4 ±0.05 dB of squeezing with probe and
conjugate image planes located 94 cm and 32 cm from the center of the vapor cell respectively. At
these image planes, the probe and conjugate beams had Gaussian profiles with 1.6 mm and 0.8
mm spot sizes (full-width-half-max) as shown in Fig. 2b. Other 4WM configurations can result in
optimal squeezing with separable beams [3–5], but our approach to coherence area profiling would
work for any multispatial mode squeezed states with accessible image planes [13, 14].

Figure 3 illustrates the spatially resolved noise distribution across the probe and conjugate beams
for both split (right) and knife edge (left) configurations. The conjugate mirror was rastered in 15
steps across the conjugate beam, while the probe mirror was rastered in 40 steps across the probe
beam for each conjugate mirror position, resulting in 600 total noise measurements. The top left
of Fig. 3 illustrates the point at which the probe is largely contained in mode C, and the conjugate
in mode B, while the bottom right of Fig. 3 illustrates the point at which the probe is largely
contained in mode D, and the conjugate in mode A. The twin beam noise properties are highly
dependent on the noise in the wings of the probe and conjugate fields, so even in the corners of
Fig. 3, all four modes contribute to the total measured noise.

As has been shown previously [3–5], the presence of anti-squeezing everywhere in Fig. 3 except
where equal fractions of each channel were blocked symmetrically about the pump beam is evidence
of the multi-spatial-mode nature of the quantum correlations in this two mode squeezed state.
The asymmetric structure present in the right hand side of Fig. 3 provides further evidence of
multimode structure, while the left hand side shows the isolation of a highly correlated coherence
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area off center in each beam. The angular bandwidth of the four wave mixing process in our
setup supports approximately 70 modes, estimated using a mode counting technique previously
reported [4, 20], but the probe and conjugate fields here only overlap with a small fraction of this
bandwidth, yielding an expectation of 3-4 coherence areas within the full-width half-max of the
probe and conjugate fields. By plotting the optimal quantum noise reduction for each step of the
probe D-mirror and for each step of the conjugate D-mirror as shown in Fig. 4, it is possible to
resolve the structure of the coherence areas within each beam without using high contrast images
to isolate them [3].

While the four wave mixing process resulted in no significant change to the probe beam profile
in Fig. 2, Fig. 4 illustrates a clear spatial structure in the observed quantum noise reduction. In
contrast, the noise of a single Gaussian coherence area as a function of split position is proportional
to an error function. Squeezed states are highly sensitive to optical attenuation, but the squeezing
shown in Fig. 4 and Fig. 3 increases as the left-hand side of the probe and the right-hand side of
the conjugate in channels B and C are blocked. The squeezing is nearly maximized when half of the
probe field is blocked, indicating an asymmetric, split structure in the coherence area distribution.

It is clear from Fig. 4 that there exist at least two coherence areas in this squeezed state. One, on
the left of the probe and right of the conjugate, contains minimal quantum correlations with less
than 1 dB of quantum noise reduction. The other, on the right of the probe and left of the conjugate
shows stronger quantum correlations with roughly 2 dB of quantum noise reduction. Remarkably,
attenuating half of a Gaussian beam allows for the selection of a coherence area with greater
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Figure 4. Horizontal noise distribution across probe and conjugate fields as measured on channels A and D.
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Figure 5. Vertically and horizontally resolved squeezing distribution separately measured at the same pump frequency provide

evidence for a single coherence area when swept vertically, but for multiple coherence areas when swept horizontally. All four
modes (A, B, C, and D) are collected on a balanced detector. A schematic of the distribution of coherence area distributions

that can be inferred from this data for the probe (left) and conjugate (right) are illustrated below.

squeezing and the selective removal of a coherence area with less squeezing. Closer to resonance
(250 MHz to the blue), aperturing the probe and conjugate beams did not yield increased quantum
noise reduction in this manner, indicating that all coherence areas exhibit comparable quantum
noise reduction when the pump is closer to resonance. Thus, the pump shape and detuning both
play a role in the arrangement of quantum correlations across coherence areas in the far field.

By adding modes A and C on one detector and B and D on the other, it is possible to develop a
more complete profile of the coherence area distribution. Figure 5 illustrates a map of the measured
noise distribution when D mirrors are swept vertically and horizontally across the probe and
conjugate fields and all four modes are collected as in Fig 1. The squeezing measured in the
vertical scan decreases monotonically by 3.3 dB until the beams are evenly split before increasing
monotonically until the probe and conjugate are again isolated on individual diodes, consistent
with the behavior of a single mode squeezed state on a split detector as described by Eq. 6. This
suggests that the coherence areas in the probe and conjugate are distributed horizontally across
the beams.

On the other hand, compared with the structureless vertical scan, the horizontal scan shows a
small local maximum in the squeezing near the center of the beam, which is reproducible and falls
outside of the error bars of our noise measurements. The two local maxima (at 0.22 mm and -1.35
mm relative to the center of the probe) suggest that three coherence areas are aligned horizontally
in the probe and conjugate fields, as illustrated in the bottom of Fig 5. The previously discussed
coherence area on the left of the probe exhibits minimal squeezing between probe and conjugate,
while an additional two squeezed coherence areas are split horizontally 0.22 mm to the right of the
center of the probe field in Fig. 5.
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4. Conclusions

The split detector approach to profiling the distribution of quantum correlations in multi-spatial-
mode squeezed states outlined in this manuscript provides a valuable tool that is critical to many
quantum metrology and quantum sensing applications. The horizontal coherence area distribution
illustrated in Fig. 5 was not observed for a Gaussian pump beam profile or for pump fields closer
to resonance with the D1 transition, demonstrating the importance of pump beam shaping to
tailored coherence areas. The approach to coherence area mapping that we have described here
can be utilized in concert with spatial and frequency control over the pump field in order to engineer
desired distributions of quantum correlations in two mode squeezed states.
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