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Light beams with a ﬂat-top intensity proﬁle have found many applications in both pure and applied
studies, but are not the natural modes of conventional light sources such as lasers. Moreover, such light
beams are also not the eigenmodes of the wave equation in a vacuum and so change their intensity
proﬁle dramatically during propagation. Here we overcome both these limitations and create a propagation invariant ﬂat-top beam from a microchip laser. By optical feedback into the excited medium we
are able to create emission that is an incoherent mix of two spatial modes, a Gaussian and a donut, so
that the sum is a ﬂat-top beam that maintains its shape to inﬁnity. Such miniature sources that emit
structured light will be attractive for integrated light-based technologies.
& 2015 Elsevier B.V. All rights reserved.
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1. Introduction
A laser beam proﬁle that is characterized by an intensity with a
central ﬂat plateau with steep skirts at the edges, often referred to
as a ﬂat-top beam, is extremely sought after in many diverse ﬁelds
[1]. These beams have found applications in corneal treatment [2],
efﬁcient proton acceleration [3] and laser micromachining [4].
Many techniques have been exploited in the selection of ﬂat-top
beams and are traditionally separated into two classes. The ﬁrst
class typically involves the reshaping of some Gaussian beam
external to a laser cavity and may be accomplished with high
efﬁciency by either diffractive [5,6], refractive [7,8] and even
interference phenomena [9]. Although these approaches may be
lossless they are generally limited to having ﬁxed input parameters (eg., beam size and proﬁle). The second class explores
intra-cavity means and the advantages of this class are highly
attractive due to a potentially higher energy extraction. The realization of ﬂat-top beams through intra-cavity techniques has been
explored through amplitude and phase control, but always
requires complex custom optics in the form of deformable mirrors,
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aspheric optics, graded phase mirrors, diffractive optics and
recently spatial light modulators [10–22], rendering these processes particularly expensive. Unfortunately ﬂat-top beams are not
eigenmodes of the free space wave equation and so change shape
dramatically during propagation. Consequently ﬂat-top beams are
usually created at speciﬁc planes, e.g., for materials processing, and
relay imaged if required at distances far from the creation plane. It
also means that even within the laser cavity the ﬂat-top beam
exists only at a single plane, usually at the output coupler.
Although microchip lasers have been in existence for many years
now they have not been traditionally used to produce structured
light ﬁelds as intra-cavity beam shaping elements are not permissible in such lasers due to the compact design [23–25].
In this paper we demonstrate the generation of a propagation
invariant ﬂat-top beam from a monolithic microchip laser (MML).
We simultaneously excite a Gaussian beam (LG00) and a donut
beam (LG01) using an optical feedback technique. As these modes
extract from disparate regions of the gain and differ in frequency,
they lase incoherently. Moreover, the ratio of their divergences is
constant during propagation. The consequence is a superposition
that has a ﬂat-top intensity proﬁle that does not change with
propagation. We discuss the theoretical considerations in Section
2 followed by the experimental realization and results in Sections
3 and 4, respectively.
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2. Concept and theory
2.1. Optical modes
Flat-top beams can be described by a super-Gaussian function
where the parameter N describes the steepness of the edges and
ﬂatness of the central region, and w is the characteristic scale of
the ﬁeld [26]:


 2r 2N
IðrÞ ¼ exp
ð1Þ
2N
w
It is possible to approximate this function by adding two
functions
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where the Laguerre–Gaussian modes (LGpl) are of radial and azimuthal orders p and l, respectively:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
!
pﬃﬃﬃ !jlj
2p!
1
2r
2r 2
Ljlj
LGpl ¼
p
π ðp þ jljÞ! wðzÞ wðzÞ
w ðz Þ2
!

 


 r2
ikr 2
z
exp

exp

i
ð
2p
þ
jlj
þ
1
Þarctan
exp  ilφ
zR
wðzÞ2 2RðzÞ
ð3Þ
where r and φ are the radial and azimuthal coordinates respecjlj
tively, Lp is the generalized Laguerre polynomial and all other
terms have their usual meaning (zR : Rayleigh range, RðzÞ: radius of
curvature, wðzÞ: Gaussian beam width). The two modes as well as
their sum are shown in Fig. 1. In the selection of a shape invariant
ﬂat-top beam the requirement is that one mode should be a
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Gaussian beam (LG00) and the other a donut-shaped beam (LG01).
The ﬁrst mode will ﬁll the hollow center of the second mode such
that the resulting beam approximates a ﬂat-top intensity proﬁle,
as is illustrated in Fig. 1. However, as indicated by Eq. (2), the
modes must be added in their intensities and not their ﬁelds.
Previously this has been achieved external to laser cavities by
adding the modes in Eq. (2) with orthogonal polarizations [27,28].
Now we demonstrate that it can be done internal to a microchip
laser, where the incoherence is due not to orthogonal polarizations
but to the low gain overlap of the respective modes and differing
lasing frequencies. The spatial emission from the gain comprises
two incoherent modes.
Note that this ﬂat-top proﬁle remains invariant in its transverse
shape along the propagation axis, apart from a lateral expansion.
This can be understood since the divergence of the two modes has
a constant ratio and therefore their sizes have the same ratio in all
space (both expanding). Consequently, the ﬂat-top beam maintains its intensity proﬁle but expands as it propagates.
2.2. Optical feedback
The simultaneous excitation of an LG00 mode and LG01 mode in
a monolithic laser microchip is restricted as intra-cavity beam
shaping elements are not permissible. One can also anticipate that
the competition between these two modes would be relatively
low since they effectively extract their energy from distinct regions
of the laser gain medium. In order to force the MML to emit
simultaneously on several transverse modes we form a threemirror laser cavity as illustrated in Fig. 2. Such coupled cavities
have been explored theoretically before [29,30] but not applied to

Fig. 1. The selection of a shape invariant ﬂat-top beam (FT) through the incoherent superposition of an equally weighted LG00 and LG01 beam. The transverse proﬁle of the FT
is characterized by a (a) ﬂat plateau with steep skirts as further illustrated in its (b) cross-section. The LG00 mode will ﬁll the hollow center of the donut-shaped mode, LG01,
(b) as illustrated in their cross-sectional intensity proﬁles, such that the resulting beam approximates a ﬂat-top intensity proﬁle.

Fig. 2. Schematic of the three-mirror laser made up of a main resonator (MML) and an external passive resonator. Conceptually this arrangement is mimicked by replacing
the external cavity (mirror M2 to mirror Mext) with an equivalent mirror Meq.
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microchip lasers. In Fig. 2 we note two main Fabry–Perot cavities:
that between mirrors M1 and M2, and that between mirrors M2
and Mext.
It has been shown theoretically that one can reduce the three
mirror cavity back to the original MML cavity by suitable adjustment to the reﬂectivity of mirror M2 to form an “equivalent”
mirror, Meq. It is beyond the scope of this paper to provide a full
theoretical analysis, but the reader is referred to Ref. [29] for further details. When we refer to the output coupler reﬂectivity we
refer either to Mext in Fig. 2(a) or Meq in Fig. 2(b). The optical
feedback system leads to a mode speciﬁc reﬂectivity for the output
coupler, Rpl. This is because the resonance condition of the Fabry–
Perot cavity is inﬂuenced by the Gouy phase shift of the beams,
given by the 3rd exponential term in Eq. (3). This phase shift is
mode dependent through the indices p and l, and so the output
reﬂectivity is also mode speciﬁc. It can be shown that the reﬂectivity of the output mirror Meq, and hence the mode gain/loss, is
sensitive to.
(1) the transverse mode order;
(2) the ratio ZR/Lext, where ZR is the Rayleigh range of the
incident beam;
(3) the microscopic phase shift ΔΦ which results from a modulo
operation applied to the macroscopic phase shift 2kLext:

ΔΦ ¼ mod(2kLext,2π)¼ 2kLext  INT(2kLext/(2π))  2π
For the sake of clarity, we will stress on the variations of the
reﬂectivity, Rpl for the LG00 and LG01 beams only and for
ΔΦ ¼ 180° and ΔΦ ¼220°; the variations are illustrated in Fig. 3
(a) and (b), respectively. It can be seen that for ΔΦ ¼ 180° the laser
will emit the LG00 mode independent of the external distance Lext
as it is reﬂected more efﬁciently. In contrast, for ΔΦ ¼220°, the
distance Lext is critical:

3. Experimental set-up and results
Our microchip, polished ﬂat and parallel on opposing sides,
consisted of a Nd:YVO4 gain medium of dimensions
5  5  0.5 mm3 with dielectric mirrors deposited directly onto the
polished surfaces that perform as the laser cavity mirrors with
reﬂectivities of R1 ¼ 99.5% for the back mirror and R2 ¼ 98% for the
out coupling mirror operating at 1064 nm as presented in Fig. 4.
The MML was optically pumped by a single mode ﬁber-coupled
diode laser emitting a Gaussian beam at 808 nm with a maximum
power of 160 mW. The incident Gaussian pump beam was collimated to a second moment diameter of 4σx ¼1.912 mm and
4σy ¼1.911 mm, and focused into the microchip with a lens of focal
length, f¼ 100 mm, which resulted in a Gaussian beam of
4σx ¼71.9 μm and 4σy ¼ 71.4 μm. The size of the pump beam could
be controlled through the choice of the focal length of the lens,
without changing the intensity proﬁle of the shaped light. The
optical feedback into the microchip in the selection of a shape
invariant ﬂat-top beam was provided by a laser line ﬁlter (Mext)
optimized for reﬂection at 808 nm and transmission at 1064 nm.
The distance at which the line ﬁlter was positioned from M2 was
variable through a translation stage.
With no line ﬁlter the output from the cavity was a Gaussian
mode, as shown in Fig. 5(a) with its far ﬁeld proﬁle shown in the
inset. When the line ﬁlter was inserted at a distance of
Lext ¼25 mm (Lext o ZR/2.5) we ﬁnd that in the near ﬁeld we obtain
a shape invariant vortex beam, as shown in Fig. 5(b) with its
corresponding far ﬁeld proﬁle illustrated in the inset. When
Lext EZR/2.5 we ﬁnd a good approximation to a ﬂat-top beam, as
shown in Fig. 5(c) and veriﬁed by its far ﬁeld proﬁle shown in
the inset.
In an attempt to vary Lext and progress beyond the operating
condition of Lext o ZR/2.5 (Lext ¼ 25 mm) as illustrated in Fig. 6(a),
the line ﬁlter was positioned at a distance of 40 mm from the

(1) for Lext oZR/2.5 the laser will emit a donut mode although the
pumping is Gaussian in shape;
(2) for Lext EZR /2.5 the laser will emit simultaneously on the LG00
and LG01 modes since; R00 ¼ R01and the laser output can be a
ﬂat-top proﬁle in both the near and far-ﬁeld.
(3) for Lext 4ZR/2.5 the laser beam is a Gaussian beam.
Thus by adjusting the distance Lext it is possible to adjust the
losses for each mode in the cavity. This is the central idea behind
selecting the desired mode.

Fig. 4. Schematic of the experimental setup for optically pumping a microchip
laser with a Gaussian pump. The optical feedback mirror was a laser line ﬁlter
(Mext) placed after the MML.

Fig. 3. The variations of the Michelson reﬂectivity, Rpl for the LG00 and LG01 beams for (a) ΔΦ¼ 180° and (b) ΔΦ ¼220°.
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microchip and the respective near and far ﬁeld proﬁles are illustrated in Fig. 6(b). We optimize Lext such that we are in the
Lext EZR/2.5 regime and ﬁnd that at a distance of 60 mm from the
microchip the near ﬁeld proﬁle as illustrated in Fig. 6(c) is a well
deﬁned ﬂat-top beam that retains its transverse proﬁle in the far
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ﬁeld (inset of Fig. 6(c)) which is in excellent agreement with the
theoretical prediction presented in Fig. 1. Finally, the line ﬁlter was
positioned at 100 mm from the microchip where the near and far
ﬁeld proﬁles are illustrated in Fig. 6(d) and it is clearly evident
from Fig. 6(d) that the output is Gaussian shaped and is

Fig. 5. The near ﬁeld output of the MML cavity with no line ﬁlter is a (a) Gaussian beam (LG00) indicating operation in the Lext 4ZR/2.5 regime. The laser line ﬁlter acts as an
external mirror (Mext) where reﬂection of the output of the MML from the surface of the ﬁlter is directed back into the microchip thus creating optical feedback. With the line
ﬁlter suitably positioned, operation in the Lext o ZR/2.5 and Lext EZR/2.5 regimes, results in the near ﬁeld outputs of a (b) donut-shaped beam and a (c) ﬂat-top beam,
respectively. The insets illustrate the respective far ﬁeld proﬁles at the output.

Fig. 6. The transition of the output from operation in the Lext o ZR/2.5 regime to the Lext 4ZR/2.5 regime is determined by varying Lext where we obtain in the near ﬁeld a
(a) donut-shaped output at Lext ¼25 mm. At (b) Lext ¼40 mm, the oscillation of the LG00 mode is established and begins to ﬁll the hollow center of the donut-shaped mode.
An increase of Lext to (c) 60 mm presents a well deﬁned ﬂat-top beam in the near ﬁeld that retains its transverse proﬁle in the far ﬁeld and indicates operation in the Lext EZR/
2.5 regime. With the line ﬁlter positioned at a distance of (d) 100 mm the near ﬁeld output is a Gaussian beam where at this distance we arrive at an absolute limit to which
the effects of the feedback occur and indicates operation in the Lext 4ZR/2.5 regime. This compares well to the (e) MML operating without the effects of the line ﬁlter. The
insets provided are the far ﬁeld proﬁles at the output illustrating that the outputs are propagation invariant.
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comparable to the output of the cavity with no line ﬁlter as shown
in Fig. 6(e). Operation of the cavity under Lext ¼ 100 mm indicates
that we are operating in the Lext 4 ZR /2.5 regime. The distance at
which the ﬁlter is positioned is within a very narrow band to
obtain a ﬂat-top beam (approximately 50–70 mm) and with the
ﬁlter positioned at 100 mm this provides an absolute limit as to
which the effects of the feedback occur. The line ﬁlter has two
surfaces which are distinguishable through their physical
appearance in color where the one surface is silver and the other is
green. For the effects of optical feedback the output from the
microchip was incident on the silver surface, which distorted the
output beam but aided the optical feedback.

4. Conclusion
We have demonstrated that it is possible to create structured
light ﬁelds from a microchip laser by using an optical feedback
technique. The excited medium emits light as an incoherent mix of
spatially coherent modes. Using this approach we demonstrate the
production of a Gaussian mode, a donut-shaped mode and a ﬂattop mode as the output. All three modes are propagation invariant
and no custom optical elements are used to create them. This
ushers in a new technique for creating miniature and tunable
sources for structured light emission. Such tools would ﬁnd
immediately application in Stimulated Emission Depletion Microscopy (STED).
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