
Vortex Chain in a Resonantly Pumped
Polariton Superfluid
T. Boulier1, H. Terças2, D. D. Solnyshkov2, Q. Glorieux1, E. Giacobino1, G. Malpuech2 & A. Bramati1

1Laboratoire Kastler Brossel, UPMC-Sorbonne Universités, CNRS, ENS-PSL Research University, Collège de France, 4, place Jussieu
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Exciton-polaritons are light-matter mixed states interacting via their exciton fraction. They can be excited,
manipulated, and detected using all the versatile techniques of modern optics. An exciton-polariton gas is
therefore a unique platform to study out-of-equilibrium interacting quantum fluids. In this work, we report
the formation of a ring-shaped array of same sign vortices after injection of angular momentum in a
polariton superfluid. The angular momentum is injected by a , 5 8 Laguerre-Gauss beam. In the linear
regime, a spiral interference pattern containing phase defects is visible. In the nonlinear (superfluid) regime,
the interference disappears and eight vortices appear, minimizing the energy while conserving the quantized
angular momentum. The radial position of the vortices evolves in the region between the two pumps as a
function of the density. Hydrodynamic instabilities resulting in the spontaneous nucleation of
vortex-antivortex pairs when the system size is sufficiently large confirm that the vortices are not
constrained by interference when nonlinearities dominate the system.

Q
uantized vortices have been extensively investigated in different fields of physics, such as superconduct-
ivity1, matter-wave superfluids2 and nonlinear optics3. In this context, half-light, half-matter polariton
fluids offer an unprecedented opportunity to study the quantum-fluid aspects of interacting photons, a

rich field at the interface of condensed matter and quantum optics. The recent discovery of polariton Bose-
Einstein condensation in semiconductor microcavities4–6 has renewed the possibilities of observing superfluidity
in quantum fluids of light7. As a consequence, the understanding of the mechanism of vortex nucleation and
vortex dynamics in such systems becomes particularly important. Vortices are natural topological solutions in
interacting photonic systems8,9. Indeed, the nucleation of vortices10–14 and half-vortices15,16 in polariton fluids
have been reported in several experiments.

Several schemes to produce vortices and vortex lattices have been proposed and implemented. Liew et al17

predicted the formation of regular triangular lattices and of Penrose triangular lattices with coherently pumped
polariton condensates, while Gorbarch and co-workers18 proposed to create robust half-vortex lattices in the
optical parametric oscillator (OPO) scheme. Spontaneous self-ordered vortex-antivortex pairs have been recently
reported in Refs. 19, 20 and Hivet et al21 experimentally demonstrated the formation of vortex-antivortex lattices
in square and triangle trapping potentials. Nevertheless, none of these schemes allow the effective transfer of a
global angular momentum, therefore preventing the spontaneous nucleation of same-sign vortex lattices.

In this work, as a first step towards the physics of rotating polariton quantum fluids, we theoretically propose
and experimentally implement a scheme that generates stable chains of same-sign vortices in a coherently driven
polariton superfluid. The global angular momentum is injected by mean of a Laguerre-Gauss (LG) laser beam
with orbital angular momentum ,. Note that self-ordered, same-sign vortex lattices have been theoretically
predicted in Ref. 22. However, in this ideal, disorder-free scheme, an important experimental limitation arises,
as the lattice rotates at very high angular velocities, therefore making time-resolved interferometry measurements
a very difficult task. To circumvent the issue of fast rotation in our scheme, an additional Gaussian beam (G) with
zero angular momentum is added at the center of the LG beam. The central Gaussian beam allows to lock the
azimuthal position of the vortices. We use a Spatial Light Modulator (SLM) to produce the spatial profile of the
resonant pumps. This hologram-based optical technique is very versatile and can be used to generate a wide
variety of pumping schemes for polaritons. Based on a variational analysis of the generalized Gross-Pitaevskii
equation, we then show that the vortex chain is a consequence of the quantization of the total angular momentum
transferred to the superfluid, thus different from a trivial interference pattern imposed by the pumps. The
quantum nature of the fluid is also confirmed by the appearance of hydrodynamical instabilities, resulting in
the nucleation of vortex–antivortex pairs.
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These characteristics are close to those of cold atom conden-
sates29–31,33, where the angular momentum can be externally trans-
ferred either by stirring32 or via rotation of the trapping potential. In
this case, the vortices nucleate and self-organize into an Abrikosov
lattice. In our case, the ring geometry is imposed by the pumps,
resulting in an additional constraint. In the context of atomic
BECs, the method consisting in transferring angular momentum
from photons to atoms was studied as well. In particular Dutton
and Ruostekoski28 theoretically studied the formation of vortex lat-
tices upon illumination with LG beams, and the injection of angular
momentum into atomic BECs with LG beams was achieved26,27.
Interestingly, in the case of polariton fluids the injection method is
not strictly identical since the rotating polaritons are directly created
by the LG pump, as opposed to injections of angular momentum into
a preexistent, non-rotating superfluid.

Results
Experimental setup. We consider a planar semiconductor micro-
cavity in the strong coupling regime, where exciton-photon coupled
states (i.e. polaritons) are created by a laser excitation. We make use
of a CW single mode, frequency-locked Ti5Sa laser to resonantly
excite the cavity. Resonant pumping creates a low-density exciton
gas, which allows us to neglect interactions between polaritons and
the exciton reservoir, in contrast with experiments performed under
non-resonant pumping20. The laser is tuned to be quasi-resonant
with the ground state of the lower polariton (LP) branch (,837 nm),
so that the detuning with respect to the bottom of the LP branch is
given by D 5 vlaser 2 vpol, where vlaser and vpol are respectively the
pump and bare polariton energies at normal incidence k 5 0 mm21.
A single-mode, polarization-preserving fiber selects the TEM00

mode. The polarization is linear (vertical) after the fiber and the
remaining polarization fluctuations are cut by a polarizing beam
splitter (PBS). As visible in Fig. 1 (a), the collimated laser beam is
then sent to a SLM, which allows us to arbitrarily modify the spatial
phase profile of the beam.

By programming a specifically designed phase hologram on the
SLM, we can create beams with well-defined intensity and phase
profiles. We create a coherent superposition of a ring-shaped Laguerre-
Gauss (LG) beam of orbital momentum , 5 8 and a Gaussian (G)
beam of zero orbital momentum at the center. Both the spot size and
the intensity of the laser beams are fully determined by the hologram.
The LG-beam diameter is chosen to be larger than the waist of the G-
beam. As a result, their spatial overlap is small, allowing for the
interference to be very weak. To avoid spin-dependent phenomena,

the (LG8
0zLG0

0) polarization is set to circular with a quarter-wave
plate, before being focused on the sample by an aspherical con-
denser. In Ref. 23, a SLM was used to create a ring shaped condens-
ate, but using non-resonant optical excitation. As a result, the
condensate created was in a superposition of two states with opposite
angular momentum without the formation of a vortex lattice.

Sample. The sample is a 2l-GaAs planar microcavity containing
three GaAs-InGaAs quantum wells, with a polariton Rabi splitting
of 5.1 meV. The cavity finesse is F 5 3000, which results in a
polariton linewidth of about 0.1 meV. The cavity is wedged in one
direction, providing a large choice of cavity-exciton detunings by
pumping at different positions in the sample. In order to enhance
the polariton-polariton interactions, we use a cavity-exciton
detuning of d 5 vC 2 vX 5 1 meV (vX(C) is the excitonic (cavity)
energy at normal incidence, k 5 0 mm21), thus increasing the exciton
fraction of polaritons and, consequently, the nonlinear effects. The
microcavity is cooled down to 5 K in a cryostat and the measurements
are taken in transmission. Above a critical value of D, a bistable
behavior appears24. By increasing D and working within the upper
bistability branch, we increase the polariton density. This is necessary
to reach the regime where nonlinearities dominate. We therefore use
the polariton bistability to control the density as follows: in the upper
bistability branch, at constant pump power Ip 5 300 mW, we modify
D. We consider three different cases: low density (D1 < 0 meV, point
(i) in Fig. 1 (b)), high density far from the bistability threshold (D2 5

0.4 meV, point (ii) in Fig. 1 (b)) and near the bistability threshold
(D3 5 0.7 meV, point (iii) in Fig. 1 (b)).

Detection. The detection is simultaneously made in energy and in
real- and momentum space. An objective collects the sample
emission. CCD cameras are used for direct imaging of the real-
and the momentum space, while the energy (wavelength) is
measured with a spectrometer. We only collect circularly-polarized
light, therefore filtering out any residual spin-flip effect. The
polariton phase is measured with an off-axis interferometry setup:
a beam splitter divides the real-space image into two parts, one of
which is expanded to generate a phase reference beam. The selection
of the Gaussian part at the center of the image ensures a flat phase
reference, which is used to make an off-axis interference pattern.
With this method, the vortex position in the image is independent
of the phase of the reference beam25. The actual phase map is then
numerically reconstructed with a standard off-axis phase detection
method.
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Figure 1 | Setup and bistability. (a) - Experimental setup scheme. The pumps are prepared with a pure-phase SLM and sent on the sample. The sample

emission is collected and treated for detection in real space, momentum space and energy. (b) - Scheme of the different regimes of bistability used

(only the curve obtained when decreasing the density, shown in thick line, is used). A stronger bistability (higherD) provides higher polariton densities for

high pump intensities. Imax indicates the pump peak intensity.
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Theory. In order to describe the configuration under study, we
numerically solve the driven-dissipative Gross-Pitaevskii equation,
which in the parabolic approximation reads

i�h
Ly

Lt
~{

�h2+2

2m
y{

i�h
2t

yza1 yj j2yzP rð ÞeiDt : ð1Þ

Here, P(r) 5 PLG(r) 1 PG(r) with PLG rð Þ~A1 r=s1ð Þ ‘j je{r2=s2
1 ei‘Q

and PG rð Þ~A2e{r2=s2
2 ; A1 and A2 are the amplitudes of the

pumping lasers, with s1 5 5.0 mm and s2 5 3.0 mm. Direct
comparison with the experiments is then performed by extracting
the steady-state density jyj2 and phase arg(y).

Results. In the linear regime (D 5 D1 < 0 meV), we observe - both
experimentally (Fig. 2 a),b)) and theoretically (Fig. 2 c),d)) - a pattern
resulting from the optical interference between the LG and G beams.
This interference pattern consists in an eight-lobbed spiral (Fig. 2
a),c)) with eight phase singularities (Fig. 2 b),d)). The annular phase
singularity chain visible in Fig. 2 is thus imposed by the pump phase.
As the density increases, the nonlinear behavior of polaritons is
unveiled, with a deformation of the interferences. For D 5 D2 5

0.4 meV (point (ii) in Fig. 1 (b)), the calculated pattern shown in
Fig. 3 (c) is reduced to round-shaped dips of quasi-zero density
containing the phase singularities: the eight elementary vortices
carrying the injected angular momentum, with a homogeneous
density around the dips. In the experiment we observe a ring of
same-sign vortices with a density distribution much more uniform
than in the linear case, with some residual variations. The vanishing
of the interference pattern means that the polariton phase is no more
imposed by the pump and is modified through the nonlinear
interactions, generating specific features compared to an optical
interference pattern. Our observations are consistent with other
resonant and non-resonant pumping experiments done in absence
of angular momentum20,21. The formation of a ring of , single-
charged vortices from a pump with angular momentum , is a
manifestation of the quantum nature of the polariton fluid, in
analogy to the formation of the Abrikosov lattice from a single
highly-charged vortex.

It is important to remark that the spatial freedom of the vortices
provides a quantitative test of the model given below. As predicted by
our model, we observe that the vortices in the nonlinear case exhibit a
radial phase freedom, while their azimuthal position is locked by the
pump phase. Their radial position is modified as the density r 5 jyj2
increases. In order to quantify the dependence of the ring radius R0

on the relevant experimental parameters, we employ a variational
method. We describe the vortex chain solution with the variational
ansatz

Y R½ �~yTF rð ÞP
8

i~1
fV r{r1ð Þ, fV ri,hið Þ~

ffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

i
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i zj2
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where yTF(r) 5 r1/2[P1(r)/A1 1 P2(r)/A2] is the Thomas-Fermi den-
sity profile induced by the pump, ri 5 R(coshi, sinhi) is the position of
each vortex in the chain, and j~�h

� ffiffiffiffiffiffiffiffiffiffiffi
mra1
p

is the average healing
length. In Fig. 4 a), we plot the variational profile given by Eq. (2). The
value of R that minimizes the energy, R0, can then be extracted by
minimizing the total energy E[R] 5 Ekin 1 Eint and taking the phys-
ically relevant solution of the condition dE/dR 5 0, where

Ekin~

ð
dr Y�

�h2+2

m
Y

� �
,

Eint~

ð
dr Yj j{rð Þ2 Yj j2
� �

:

ð3Þ

In Fig. 4 b), we plot the energy E as a function of R for different values
of j , r21/2. We observe that R0, the value of R that minimizes the
energy, increases as the value of j (r) is decreased. Since r increases
withD, j decreases withD; it follows that R0 increases withD. Fig. 4 c)
shows R0 as a function of r calculated by this method and the com-
parison with experimental data. As expected, the higher the density,
the further from the center the vortices migrate. This behavior and
the agreement between the variational method and experiment are a
clear indication of the phase freedom obtained when interactions
dominate, a feature that is independent from the optical interference.

Figure 2 | Linear regime. Experimental (above) and theoretical (below)

images of the polariton field in the linear regime (low densities, D <
0 meV). The intensity | y | 2 (normalized to the peak value) is shown on the

left panels while the phase arg(y) is shown on the right panels. Vortices are

indicated by white circles both in the intensity and the phase. At low

densities the nonlinear interactions are negligible: the pattern is the result

of optical interference, fixing the vortex positions.

Figure 3 | Nucleation of vortices. Experimental (above) and theoretical

(below) images of the polariton field in the nonlinear regime (high

densities,D5 0.4 meV). The intensity | y | 2 (normalized by the peak value)

is shown on the left panels while the phase arg(y) is shown on the right

panels. Vortices are clearly visible as eight zero-density dips in (a) and (c)

and are indicated by white circles in the phase (diagrams (b) and (d)). The

polariton density is high enough to enter the superfluid regime and to

suppress the pump interference through nonlinear interactions.
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In the upper bistability branch, the polariton energy is renorma-
lized through self-interaction to the pump energy, so that the pump-
ing is resonant and yields high polariton densities. This is not the case
in the lower bistability branch, where the pumping is not resonant
and thus inefficient. For large D, the low pump intensity regions in
the lower bistability branch are off-resonant, as can be seen in Fig. 1
(b). In these regions, non-resonant pumping yields a negligible polar-
iton population and can be considered as a pump-free region. For
example, near the threshold, for D 5 D3 5 0.7 meV (point (iii) in
Fig. 1 (b)), a large area between the LG and G pumps is not pumped.
Although no polariton is directly injected in this area, the density is
not zero due to polaritons propagating from the pumped to the non-
pumped area. In this region, the phase is free to evolve, which
explains the radial chain expansion. Moreover, when the density in
this pump-free area is large enough and when the size of this region is
at least of the order of the vortex core , j, we observe the spontan-
eous nucleation of vortex-antivortex pairs. Four pairs are experi-
mentally visible in Fig. 5 and eight in the theoretical figure. This
discrepancy between theory and experiment for the number of pairs
is due to the cavity wedge making the experimental cavity aniso-
tropic, a property that is absent in the simulations. The vortex-anti-
vortex pairs form a low-density ring inside the vortex chain described
above. This is due to a hydrodynamic instability of the same nature as
the one observed in the , 5 0 case14, but here each pair formation is
stimulated by the presence of a vortex which acts as a defect. The
disorder-free model confirms that the vortex-antivortex pairs are
generated by the vortices of the main chain and not by the disorder.
This feature also proves that the vortex distribution is not due to
optical interference in the superfluid regime, but that it rather evolves
with the density.

Discussion
In the present work, we resonantly inject polaritons with a given total
angular momentum and observe the formation of a ring of quantized

single-charged vortices. For the first time, a regular ring pattern of
elementary vortices of the same sign is reported in a polariton super-
fluid. In the superfluid regime, the radial position of each vortex is
not determined by the pump but rather depends on the polariton
density. Experimental and theoretical indications of this behavior,
due to strong nonlinear interactions, are provided through the sys-
tem hydrodynamical characteristics. The mechanism leading to the
creation of vortex chains results from the combination of the satura-
tion of the radial counterflow instability with the injection of angular
momentum in a limited region of space. Let us note that this general
behavior was experimentally and theoretically verified to be the same
if the number of injected vortices is changed, whether odd or even.
We expect that the present scheme will pave the stage to study a series
of new vortex collective phenomena that have been observed in cold
atom BEC2. It is also a first step towards a new class of experiments
investigating self-arranged same-sign vortex lattices, unveiling the
physics of vortex-vortex interactions in polariton superfluids. In
particular, the collective dynamics of the vortex chain (Tkachenko
modes)34–36, for which the polariton life-time is expected to play a
central role in the mode damping, can be of great interest.

Methods
Collimated Laguerre-Gauss beams are a class of modes possessing a simple phase
profile with radial invariance. The phase profile of a LG‘

0 mode is given by the
function QLG(r, w) 5 ,w [2p], where (r, w g [0, 2p]) are the polar coordinates in the
SLM plane. However, imposing this phase on the SLM produces a superposition of
LG‘

0 and weak higher modes in the condenser lens focal plane. Since the higher modes
are spatially more extended, they can be cut with an iris placed before the condenser
lens, which solves the problem. The result is a good quality LG‘

0 beam. Adding the
central Gaussian pump is straightforward as the mode imprinted on the SLM is
Gaussian: we simply need to impose a flat phase in the LG‘

0 hologram. This has been
done by using the phase function QLG 1 G(r, w) 5 ,wH(r 2 r0) 1 p(1 2 H(r 2 r0)),
where H(r) is the Heaviside distribution and r0 is a constant determining the LG/G
intensity ratio. The resulting hologram is presented in Fig. 6 (a).

A small fraction of the light is not modified by the SLM, for which it acts like a
mirror. To separate this from the desired mode a grating hologram

Figure 4 | Vortex positions. (a) - Variational wave function in Eq. (2) used

to determine the vortex chain radius R0. The inset shows the radial

profile for a cut at Y 5 0. (b) - Variational energy E (in units of

E0~�h2r
�

4pmð Þ) showing a minimum (red dots) for different values of j.

From top to bottom: j 5 (3.0, 2.0, 1.0, 0.5) mm. (c) - Average chain radius

R0 as a function of the polariton density, obtained from the variational

method (solid line) and the corresponding experimental data (dots).

Figure 5 | Phase instability. Experimental (above) and theoretical (below)

images of the polariton field when the bistability threshold is close to the

pump maxima (very high densities, D 5 0.7 meV). The intensity | y | 2

(normalized by the peak value) is shown on the left panels while the phase

arg(y) is shown on the right panels. Vortices are indicated by white

circles and antivortices by green circles both in the intensity and the phase.

Here only the maxima of the pump are on the upper bistability branch

(resonant pumping) and produce a significant polariton density. The

nonresonant zone between the LG and G pumps is wide enough for the

fluid to hydrodynamically nucleate into vortex-antivortex pairs, while

preserving the annular vortex chain.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 5 : 9230 | DOI: 10.1038/srep09230 4



(Qgrat x,yð Þ~ 2p

d
y, where d controls the separation angle) is added to the LG 1 G

hologram (mathematical sum modulo 2p). This vertically deviates the first order
reflection forming the pump, allowing us to block the zero-order reflection. The final
hologram is presented in Fig. 6 (b).
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14. Manni, F., Léger, Y., Rubo, Y. G., André, R. & Deveaud, B. Hyperbolic spin vortices

and textures in exciton–polariton condensates. Nat. Comm. 4 (2013).
15. Manni, F. et al. Dissociation dynamics of singly charged vortices into half-

quantum vortex pairs. Nat. Comm. 3, 1309 (2012).
16. Lagoudakis, K. et al. Observation of half-quantum vortices in an exciton-polariton

condensate. Science 326, 974–976 (2009).
17. Liew, T., Rubo, Y. G. & Kavokin, A. Generation and dynamics of vortex lattices in

coherent exciton-polariton fields. Phys. Rev. Lett. 101, 187401 (2008).
18. Gorbach, A. V., Hartley, R. & Skryabin, D. V. Vortex lattices in coherently

pumped polariton microcavities. Phys. Rev. Lett. 104, 213903 (2010).

19. Manni, F. et al. Spontaneous self-ordered states of vortex-antivortex pairs in a
polariton condensate. Phys. Rev. B 88, 201303 (2013).

20. Cristofolini, P. et al. Optical superfluid phase transitions and trapping of polariton
condensates. Phys. Rev. Lett. 110, 186403 (2013).

21. Hivet, R. et al. Interaction-shaped vortex-antivortex lattices in polariton fluids.
Phys. Rev. B 89, 134501 (2014).

22. Keeling, J. & Berloff, N. G. Spontaneous rotating vortex lattices in a pumped
decaying condensate. Phys. Rev. Lett. 100, 250401 (2008).

23. Dreismann, A. et al. Coupled counterrotating polariton condensates in optically
defined annular potentials. P. Natl. Acad. Sci. USA 111, 8770–8775 (2014).

24. Baas, A., Karr, J. P., Eleuch, H. & Giacobino, E. Optical bistability in
semiconductor microcavities. Phys. Rev. A 69, 023809 (2004).

25. Bolda, E. L. & Walls, D. F. Detection of vorticity in Bose-Einstein condensed gases
by matter-wave interference. Phys. Rev. Lett. 81, 5477 (1998).

26. Andersen, M. et al. Quantized rotation of atoms from photons with orbital angular
momentum. Phys. Rev. Lett. 97, 170406 (2006).

27. Helmerson, K. et al. Generating persistent currents states of atoms using orbital
angular momentum of photons. Nucl. Phys. A 790, 705c–712c (2007).

28. Dutton, Z. & Ruostekoski, J. Transfer and storage of vortex states in light and
matter waves. Phys. Rev. Lett. 93, 193602 (2004).

29. Chevy, F., Madison, K. & Dalibard, J. Measurement of the angular momentum of a
rotating Bose-Einstein condensate. Phys. Rev. Lett. 85, 2223 (2000).

30. Madison, K., Chevy, F., Wohlleben, W. & Dalibard, J. Vortex formation in a stirred
Bose-Einstein condensate. Phys. Rev. Lett. 84, 806 (2000).

31. Matthews, M. et al. Vortices in a Bose-Einstein condensate. Phys. Rev. Lett. 83,
2498 (1999).

32. Wright, K., Blakestad, R., Lobb, C., Phillips, W. & Campbell, G. Threshold for
creating excitations in a stirred superfluid ring. Physical Review A 88, 063633
(2013).

33. Cooper, N. R., Wilkin, N. K. & Gunn, J. Quantum phases of vortices in rotating
Bose-Einstein condensates. Phys. Rev. Lett. 87, 120405 (2001).

34. Coddington, I., Engels, P., Schweikhard, V. & Cornell, E. Observation of
Tkachenko oscillations in rapidly rotating Bose-Einstein condensates. Phys. Rev.
Lett. 91, 100402 (2003).

35. Sonin, E. Continuum theory of Tkachenko modes in rotating Bose-Einstein
condensate. Phys. Rev. A 71, 011603 (2005).

36. Sonin, E. Ground state and Tkachenko modes of a rapidly rotating Bose-Einstein
condensate in the lowest-Landau-level state. Phys. Rev. A 72, 021606 (2005).

Acknowledgments
We acknowledge the financial support of the ANR Quandyde (ANR-11-BS10-001), ANR
Labex GANEX (ANR-11-LABX-0014) and IRSES POLAPHEN (246912).

Author contributions
T.B. performed the experiment, analyzed the data and wrote the manuscript. H.T. and D.S.
performed the simulations and wrote the manuscript. Q.G. and E.G. participated to the
manuscript. A.B. supervised the experiment. G.M. developed the theoretical model. All
authors reviewed the manuscript.

Additional information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Boulier, T. et al. Vortex Chain in a Resonantly Pumped Polariton
Superfluid. Sci. Rep. 5, 9230; DOI:10.1038/srep09230 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

Figure 6 | Central flat phase hologram. Hologram corresponding to the

method described in the text, without (a) and with (b) the grating.

The Laguerre-Gaussian phase is cut at the center and replaced with a flat

phase, which creates the Gaussian central beam.
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