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ABSTRACT

We present the experimental conversion of a spatially-Gaussian optical mode into a self-healing, approximate
Bessel-Gauss mode by a non-collinear, spatially-multimode four-wave mixing process in warm atomic vapor.
In addition to the mode conversion, a second, spatially-separate conjugate beam is created in a non-Gaussian
mode that mimics that of the resulting converted probe beam. Additionally, we show that these resulting beams
exhibit the ability to partially self-heal their mode profiles after encountering an obstacle in their paths. This
multi-spatial-mode nonlinear gain platform may thus be used as a new method for all-optically generating pairs
of self-healing beams.
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1. INTRODUCTION

Optical beams propagating in non-Gaussian spatial modes have received much attention in recent years. In par-
ticular, Bessel-Gauss modes have been shown to exhibit useful properties such as self-healing, limited-diffraction,
and extended focal lengths as compared to Gaussian modes.1–13 Here we demonstrate a new method of generating
approximate Bessel-Gauss (BG) modes, namely, non-collinear four-wave mixing (4WM) in warm atomic vapor.
As this light-atom process is inherently multi-spatial mode in nature, the presence of a spatially non-Gaussian,
strong pump beam can convert a weaker, Gaussian probe beam into a non-Gaussian output beam. Additionally,
this process creates a spatially-separate conjugate beam that is in an analogous non-Gaussian mode as the re-
sultant probe beam. Energy conservation and phase-matching conditions result in the well-defined frequencies
of the modes, as well as the spatial directions with which they propagate. When the pump is suitably-chosen,
these output mode profiles are nearly Bessel-Gaussian, and are shown to exhibit a degree of self-healing as they
propagate after encountering an obstruction that blocks more than 70 % of their intensity.

Since the discovery of self-healing, limited-diffraction beams, they have found numerous applications in optical
imaging, microsopy, and trapping schemes.14–24 The self-healing (or self-reconstruction) property of these modes
lies in their ability to reconstruct their mode profile after encountering an obstruction that blocks a substantial
portion of their intensity. Recently, this property has been exploited to demonstrate the recovery of entanglement
after an entangled optical state has been partially obstructed.25,26

The four-wave mixing process used here to generate such self-healing optical modes has also been shown to
produce highly nonclassical and quantum states of light.27–31 In particular, photons are created in pairs due to
the nonlinear interaction, one of which propagates in the probe mode, and one in a separate conjugate mode. The
resulting probe and conjugate beams have been shown to be more strongly correlated than allowed classically,
resulting in sub-shot-noise limit noise fluctuations in their intensity-difference. Another interesting aspect of the
4WM process is that when no probe is used to seed the process, the output pairs of photons are entangled in
phase-space. These strong nonclassical correlations, combined with the fact that the process inherently supports
many spatial modes, has resulted in the demonstration of entangled images and the simultaneous generation of
multiple entangled states.32,33 Additionally, as the process exhibits gain for the probe and conjugate modes,
slow- and fast-light effects have been demonstrated when seeding the process with a pulsed probe beam.34 This
dispersive property, again combined with the quantum correlations shared betweeen the probe and conjugate
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beams, has allowed for the investigation of the behavior of nonclassical correlations and entanglement in the
presence of dispersive media.35,36

In this manuscript we show that the same 4WM process may be used to generate non-Gaussian, self-healing
optical modes. This includes the conversion of an input Gaussian probe beam to a self-healing beam, as well
as the simultaneous generation of a separate conjugate beam in a similar mode that also exhibits the ability to
self-reconstruct.

Figure 1: Experimental setup for the generation of self-healing twin beams. Both the pump (red) and probe
(blue) beams are derived from the same titanium:sapphire laser. The pump beam passes through an axicon
lens, and propagates in an annular, donut-like spatial mode throughout the rubidium vapor interaction region.
A small portion of the laser light is picked off before the axicon and double-passed through a high-frequency
acousto-optic modulator (not shown) to generate the probe beam that is 3 GHz frequency down-shifted relative
to the pump beam. The input probe is in a Gaussian spatial mode that is larger in extent than the annular
pump beam. The resulting output probe and conjugate modes are (nearly) collimated with lenses, and are then
incident on a CCD array. An obstruction that blocks the central portion of the output beams is inserted when
investigating the self-healing properties of the output modes. The transmission profile of a reference, natural
abundance rubidium vapor cell, with the relative frequencies of the involved beams, is shown in the top-left.

2. EXPERIMENTAL SETUP

The present experiment involves a third-order nonlinear process in atomic vapor, in which a pair of photons
from a strong pump beam are annihilated, and a pair of photons are created in separate optical modes (the
probe and conjugate). The pump beam is derived from a continuous-wave titanium:sapphire laser with a power
of ∼500 mW, and is passed through an axicon lens. This results in a pump beam that has an annular, donut-
like intensity profile (with a null in intensity in the center) with a peak-to-peak diameter of roughly 400µm
throughout the length of the interaction region. The nonlinear medium is an anti-reflection coated rubidium-85
atomic vapor cell that is 1.7 cm long, and is held at a temperature of ∼115 oC. The pump beam is detuned
∼800 MHz to the blue of the rubidium-85 D1 F = 2 to F = 3 transition. The input probe beam is also derived
from the titanium:sapphire laser. A small portion of the laser is split off before the axicon lens and double-passed
through a high-frequency (1.5 GHz) acousto-optic modulator. This results in a probe beam that is down-shifted
by ∼ 3 GHz relative to the pump beam. The probe and pump beams are linearly polarized, orthogonal to one
another. The (spatially) Gaussian probe beam is then combined with the (spatially annular) pump beam on a
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polarizing beam splitter and overlapped at roughly an angle of 1 o throughout the length of the rubidium cell,
as shown schematically in Figure 1.

Integral to the present experiment is that the input Gaussian (full-width half-maximum of ∼ 1 mm) probe
beam is larger in spatial extent than the pump beam. As the process results in the creation of probe (and
conjugate) photons only throughout the interaction region (where the beams are spatially-overlapping), only the
portions of the probe mode in an annular region defined by the pump beam are amplified. When the gain is
large enough (a factor of ∼ 30 in the present experiment), the result is a gain-aperturing effect that converts the
input probe mode to a non-Gaussian output mode profile that is dependent on the spatial-profile of the pump
beam. Additionally, due to phase-matching and energy conservation, the conjugate beam is created in a similar
non-Gaussian mode profile, on the opposite spatial side of the pump beam.

3. RESULTS AND DISCUSSION

3.1 Non-Gaussian Modes

The spatial mode profiles of the output probe and conjugate beams are shown in Figure 2. It is directly evident
that the mode profiles are non-Gaussian in nature, and exhibit circularly-symmetric oscillations in intensity. The
oscillations are more intense along the vertical direction, which is a result of the mismatch in overlap between
the pump and probe beam in the vertical and horizontal planes. That is, the pump and probe cross through
each other at a small angle throughout the rubidium cell in the horizontal plane. Since there is a null in intensity
at the center of the annular pump beam, the probe experiences a smaller effective interaction time along the
horizontal plane (again, as it passes through a null-intensity portion of the pump beam). The portions of the
probe beam that pass through the top and bottom of the pump beam’s annular profile see a longer effective
interaction time, as they do not pass through an intensity null. This gives rise to stronger oscillations in the
plane orthogonal to that in which the two beams cross one another.

Figure 2: Output probe (right) and generated conjugate (left) mode profiles. Both modes exhibit ring-like
intensity oscillations, and are spatially non-Gaussian. The probe beam is slightly weaker than the conjugate
beam since it is more on-resonant, and experiences some degree of absorption. The leftover pump beam has been
filtered out in post-processing (between the two beams that are shown).

As a check of the non-Gaussianity of the output modes, we first examine the spatial Fourier Transform (FT)
of the probe mode. To this end, the output probe beam, after being collimated, is passed through a lens, and a
CCD is placed at the focal point. A typical resulting image is shown in Figure 3 (typical conjugate beam FT’s
are quantitatively very similar).
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Figure 3: Spatial Fourier Transform of the probe mode shown on the right of Figure 2. This annular profile
suggests that the probe mode is both non-Gaussian (as the Fourier Transform of a Gaussian profile is another
Gaussian), and that the mode may exhibit self-healing after encountering an obstruction, as discussed in the
text.

As seen in Figure 3, the FT of the resulting mode is approximately annular. As the far-field intensity
profile of a self-healing Bessel-Gauss mode generated by an axicon lens (or, annular slit followed by a lens) is an
annulus, this suggests that the resulting probe and conjugate modes may also exhibit self-healing phenomena,
in a manner similar to Bessel-Gauss modes. We note here that the far-field of an ideal Bessel mode is an
infinitely-thin annulus.37 While these ideal Bessel modes exhibit optimal self-healing (while being unphysical
since they contain infinite energy, similar to a plane wave), non-ideal Bessel-Gauss modes still exhibit some
degree of self-healing after encountering an obstruction.

3.2 Self-Healing Modes

In order to investigate the self-healing capabilities of the modes resulting from the 4WM process, we first collimate
the output probe and conjugate beams. After collimation, we then place a rectangular obstruction in the path
of the probe (or conjugate) beam and block the central portion of the mode. An image of the probe beam

Figure 4: Mode profile of the probe beam immediately after encountering the obstruction in its path (left). Note
that the central intensity portion is effectively completely blocked. Reference mode profile of the probe beam
(right) at a distance of ∼ 1000 mm from the obstruction (no obstruction is present in this reference case). This
is to be compared to the reconstructed modes after encountering the obstruction, as shown below in Figure 5.
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Figure 5: Reconstructed probe mode (left) at a distance of 1000 mm after encountering the obstruction. Re-
constructed conjugate mode (right) at a distance of 1000 mm after encountering the obstruction. Note that the
central intensity region in both beams that was obstructed has been significantly reconstructed.

immediately after encountering the obstruction is shown on the left side of Figure 4. Note that all of the images
shown have their peak intensities normalized, in order to more clearly show the region where the obstruction
takes place. A reference image of the probe after propagating ∼ 1000 mm from where the obstruction would be
placed is shown on the right side of Figure 4 (there is no obstruction present on the right-hand-side of Figure 4).

After encountering the obstruction, the probe (and conjugate) mode then propagates a distance of ∼ 1000 mm,
after which the central region has been significantly reconstructed. Figure 5 shows the reconstructed profiles of
the probe (left) and conjugate (right) after encountering the obstruction at the same distance as the reference,
unobstructed mode profile shown on the right of Figure 4. As the modes are clearly not ideal Bessel modes,
perfect reconstruction is not to be expected. However, there is a substantial revival of intensity in the central
portion of both the reconstructed probe and conjugate modes that was previously obstructed. As seen in Figure
5, the modes have reconstructed such that the peak intensity is again in the central portion of the mode, as in
the reference, unobstructed case shown on the right of Figure 4.

In order to directly compare the reference and reconstructed probe beams, we show in Figure 6 vertical
(left) and horizontal (right) slices through the center of each beam (each trace is the average of a ten pixel
wide slice through the central maximum of the respective modes). The traces are normalized such that their
maxima are all one. However, the total intensity in the blocked, reconstructed probe mode is 28.6 % of that in
the unblocked, reference probe mode. The full-width half maximum (FWHM) of the central bright spot of the
reference, unblocked probe in the vertical direction is ∼ 319µm, and that of the reconstructed mode is ∼ 242µm.
Similarly, the FWHM of the central spot in horizontal direction of the reference probe is ∼ 270µm, and ∼ 220µm
for the reconstructed probe. Additionally, the peak-to-peak diameter of the first ring in vertical direction for the
reference probe mode is ∼ 1122µm, and ∼ 808µm for the reconstructed probe mode. In the horizontal direction,
the peak-to-peak diameter of the first-order ring is ∼ 858µm for the reference probe mode and ∼ 792µm for the
reconstructed mode. As seen in Figure 6, the contribution of the first-order ring in the horizontal direction for
both the reference and blocked cases is significantly smaller than in the vertical direction. As discussed above,
this is due primarily to the asymmetry in effective interaction time in the two planes, due to the annular nature
of the pump (which has an intensity null in the central portion). While the obstructed modes are not perfectly
reconstructed, it is quite clear that the central region has reconstructed to some degree, and is the most intense
portion of the reconstructed modes in all cases.
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Figure 6: Vertical slices through the reference, unblocked probe (left, blue) and blocked, reconstructed probe (left,
red). Horizontal slices through the reference, unblocked probe (right, blue) and blocked, reconstructed probe
(right, red). All curves are the average of a ten-pixel wide slice through the central maxima of the reconstructed
and reference probe modes.

4. CONCLUSION

In this manuscript we have shown that a spatially-multimode, noncollinear four-wave mixing process in warm
atomic vapor may be used to generate self-healing, non-Gaussian optical modes. When the input spatially-
Gaussian probe mode is larger in spatial extent than the pump beam, the spatial profile of the pump plays an
integral role in the generation of output non-Gaussian probe and conjugate mode profiles. As shown here, when
the pump beam exhibits an annular intensity profile, the resulting probe and conjugate modes are converted
into approximate Bessel-Gauss modes. In the high-gain regime, this resulting gain-aperturing effect produces
amplified (rather than attenuated as in most other means of generating such modes) non-Gaussian modes that
exhibit self-healing. We show that when blocking a significant portion of the intensity in the output probe and
conjugate modes, their mode profiles tend to self-reconstruct after a finite propagation distance. We anticipate
that this four-wave mixing aperturing effect may be used to generate a variety of non-Gaussian optical modes
that are applicable to optical communication and imaging schemes.
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