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ABSTRACT

Many applications of lasers seek nowadays for focal spots whose corresponding volume is getting smaller and smaller in
order to ensure high spatial resolution. This problem, studied by many research groups around the world, is the core of
this research work which deals with controlling the focal volume of a focused laser beam. Indeed, our objective is to
develop a new method based on spatial treatment of laser beams, allowing to solve, in an original and efficient manner,
two fundamental issues that have not been treated satisfactorily yet, i.e. :

(i) The generation of a special laser beam, which has the ability to produce a focal volume smaller than the one resulting
from a more common Gaussian beam, when focused by an ordinary lens. The expected reduction factor of the focal
volume is in the order of several hundreds, when the existing methods do not exceed few tenths.

(i1) The decoupling between transversal and longitudinal resolutions within the focal volume, contrary to Gaussian
beams whose depth of field is proportional to the square of its beam-waist radius. The method that it is developed is
based on two steps: First, the laser is forced to oscillate on a high-order but single transversal mode TEM,,,, which is
secondly spatially beam-shaped thanks a proper Diffractive Optical Element (DOE) that allocates the super-resolution
feature?.
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1. INTRODUCTION

Many laser applications are based on their beam focalisation, thus, their spatial resolution is directly related to the focal
spot volume, as in the case of:

- 3-D laser prototyping involving photo-polymerization by two-photon absorption [1-3]

- Linear and non-linear fluorescence microscopy [4,5]

- Optical tweezers [6,7]

- Direct writing lithography [8]

Those applications, as many others, are based on the focalisation of a laser beam, which is at best Gaussian-shaped, or in
other words, described by a M factor equal to 1, meaning that the beam is diffraction-limited. When A” > 1, the beam is
said « M’ times diffraction-limited ». The latter case is generally considered uninteresting since the beam brightness, i.e.,
its ability to produce high intensities while characterized by a high Rayleigh distance or depth of field, is reduced. It is
worth noting that M” >1 does not necessarily mean a low spatial coherence, especially for single high-order transversal
modes. In this paper we will show, contrary to established views, how spatially coherent laser beams having a high M’
factor can be of high interest.

Before to proceed, it can be worth to remind that the geometry of the focal spot resulting from a focussed Gaussian beam
is described by two related lengths:

(1) The first one, transversal, is the beam-waist width, W,
(i1) The other, longitudinal, corresponds to the Rayleigh distance or depth of field, and is proportional to the
transversal length: Z, = (2, )/ 4.
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In addition, we can define the focal volume for a Gaussian beam V :

+Zp 27174
W,
v, = J.S(Z)dZ: /10 , ()
_ZR

where S(Z) is the Gaussian beam section.

Let us consider a simple focalisation geometry that can be found in most of the applications. A collimated Gaussian
beam (width W) is incident onto a converging lens (focal length f). The latter transforms it into another Gaussian beam

whose beam-waist J¥, is located at the focal plane:

M
W, =L b))

It has to be noted that Eq. (2) is only valid for incident beams having a Rayleigh Distance ( zZ/ >/ A ) much longer than
the focal length /. From Eq. (1) and (2), it is then clear that a spatial resolution improvement requires a smaller W, . For

this purpose, f* has to be reduced or the incident beam width # has to be increased. However, focal length f cannot be
decreased indefinitely, especially because the lens diameter would decrease accordingly, requiring a small W to avoid
beam truncation. Thus, it is important to note that equation (2) describes the diffraction limit for a given Gaussian beam.
Historically, spatial resolution in most of laser applications has been limited by the Rayleigh criterion. To go beyond the
diffraction limit, either by focusing a coherent light, or by observing an object lighted by a coherent light, is nowadays a
subject under strong investigations. Before to proceed, it is important to precise the sense of the term “super-resolution”.
It usually relates to the focusing of light into a spot having dimensions smaller than the diffraction limit or to the use of a
particular refinement that allows the spatial resolution improvement of the device under consideration. For instance,
several techniques have been developed for improving the microscopy resolution, either with near-field optics, where a
variety of plasmonic nano-antennas have the ability to concentrate light into a volume much smaller than that derived
from the diffraction limit, or with far-field schemes, by optical patterning of the excitation (4-Pi confocal microscopy,
I5M microscopy and stimulated emission depletion microscopy STED), or by single-molecule imaging (photoactivation
localization microscopy, stochastic optical reconstruction microscopy, etc.). However, all of these “super-resolution”
techniques have been developed for one application only, and cannot usually handle high powers, preventing them to
improve spatial resolution of applications such as 3D laser prototyping and direct writing lithography for instance. In this
project, we proposed to develop a new concept, based on laser beam shaping which should produce beams able to
generate focal spots having a small volume in comparison with that imposed by the diffraction limit. This new method,
capable of concentrating high power within the focal volume, is much more “general” and could then be applied to
different applications such as 3-D laser prototyping, linear and non-linear fluorescence microscopy, nano-structuration of
materials, optical tweezers, optical tomography... in order to improve their spatial resolution. In addition, it is important
to remind that our approach can be used in combination with non-linear phenomena (2-photon absorption, etc.) to further
improve recent technologies aiming already for spatial resolution enhancement. In this framework, we will demonstrate
that our concept of super-resolution is much more efficient than the existing methods which are reviewed below.

The use of radially polarised laser beams allow also to generate in the focal plane a non-propagative field
component having a lateral width smaller than the diffraction limit [9-12]. The difficulty for applying this solution has its
origin in both the complexity in forcing the laser polarisation to be radial [13-15] and in the suppression of the additional
transversal linear polarisation responsible for a spot larger than the diffraction limit [11].

The generation of a focal spot having a size smaller than that of a Gaussian beam can be achieved from the axial
superposition of two Gaussian beams orthogonally polarised with their beam-waist planes shifted. Since the Gouy phase
difference associated with the two beams exits only in the vicinity of the focal plane, it results a polarisation component
having the property of super-resolution which improves longitudinal and transversal resolutions with a rate of about 30%
[16]. Nevertheless, the improvement factor of the focal volume is weak since it is only equal to three.

Another possibility for getting super-resolution in a focal spot is to set, in front of the focusing lens, an
absorbing ring [17], or a system of annular dephasing zones [18-20]. The main drawback of these methods is that the
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shrinking of the central spot, in the focal plane, is done to the detriment of the surrounding rings which show their energy
increasing [21].

The optical Kerr effect can generate super-resolution since the self-diffraction occurring in a Kerr medium can
lead to super-resolution which can reduce by 30% the size of the focal spot [22].

2. TRANSFORMATION OF A TEMp;, BEAM INTO A SINGLE-LOBED BEAM

For laser applications that need a small focal volume, one can imagine the characteristics of the ideal laser beam. The
latter, when focused, should give rise to a spot having a width smaller than that of a Gaussian beam, and a depth of field
shorter than that of a Gaussian beam having the same beam-waist size. Considering that, in the general case, the depth of
focus (Rayleigh distance) of a laser beam expresses as

w2
Zy= AMOZ , 3)

then we can deduce the properties of the ideal laser beam mentioned above. It should be a laser beam having a poor
quality (M* >>1) but giving rise to a single lobed pattern, in the focal plane of a focusing lens, which has the property of
super-resolution. The latter means that the width W, of the focused “ideal laser beam™ is smaller than the width W, of the

focused Gaussian beam which should be observed from a Gaussian beam of equivalent width, focused with the same
lens. The objective of this work is to demonstrate the possibility to produce such “ideal laser beams™ allowing to improve
significantly the spatial resolution of a certain number of laser applications such as non-linear microscopy, optical
trapping and tweezing, 3-D prototyping...

Let us consider a collimated symmetrical Laguerre-Gauss TEM ,,beam of order p and width /' which is made up of a

central peak surrounded by p rings of light (Fig.1).

Intensité normalisée

Figure 1. Radial intensity distribution of the four-first symmetrical Laguerre-Gauss TEM,, beams.
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It is worth noting that using focused TEM ,,beams in the hope to reduce the focal volume is awkward since the latter

increases as (2p+1)V;; . In fact, our idea is to transform a TEM ,, beam having a propagation factor M f) =(2p+1), into

a single-lobed pattern of width W, in the focal plane of a focusing lens. A Diffractive Optical Element (DOE) is

considered for this reshaping operation in order to convert the alternately out-of-phase rings of the TEM ,,beam into a
unified phase (Fig.2). The function realised by the DOE is a “rectification” of the wavefront.
A
DOE
¥ |
z=() z=f

Figure 2. Schematic optical layout for investigating the laser beam tailoring ability of a binary Diffractive Optical Element having a
transmittance alternately equal to -1 or +1 modeled on the p light rings of the incident TEM,,, beam.

The transformation quality of a TEM ,, beam into a single-lobed pattern in the focal plane is shown in Fig. 3. It is clear
that the intensity pattern of the rectified beam is sharper than that of the focused TEM ,, and TEM,, beams. The

calculation are made for A=1064nm, #=1mm and /~50mm
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Figure 3. Normalised intensity at the focal plane: TEM , without DOE (Dashed dark yellow), TEM ,, without DOE
(blue solid line), rectified TEM ,, (red solid line)
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Fig. 3 shows that focusing a rectified TEM ,, beam instead of a Gaussian TEM ,, beam allows the focal spot size to be

reduced by a factor of 2.2, although using the same focusing lens. This is a super-resolution effect, and the DOE
achieves an efficient transfer of power from the surrounding rings of the 7EM ,,beam toward the central peak of the

rectified beam. The efficiency of the beam reshaping can be measured by comparing the power content ¢, in the central
peak of the rectified TEM ,, beam with the power content &, in the central peak of a pure TEM ,, beam. The result is

shown in table 1, and it is seen that ratio «, /&, varies from about 3 to 10 when order p varies from 1 to 5.

P a6 (%) o (%)
1 26.4 82.6
2 15.6 78.5
3 11.2 76.3
4 8.6 74.6
5 7 73.8

Table 1: Power content &, () in the central peak of a focused rectified (pure) Laguerre-Gauss beam TEM ,, for p
varying from 1 to 5.

As a consequence, the transformation of a TEM ,, beam into a single-lobed pattern is done with a good efficiency.

Now, it remains to characterise the reshaped beam by its beam propagation factor M ° and the width W, of the focal

spot. The result is given in table 2.

Incident beam Wr (um) n M
TEM, without EOD 16.5 1 1
TEM,, 10.6 17 2.9
TEM,, 8.5 68 4.8
TEM;3, 7.3 172 6.6
TEM,, 6.4 366 8.5
TEMs5 5.8 675 10.3

Table 2: Width 7, and beam propagation factor M of the focussed rectified TEM 0 The ratio n = V/Vy represents
the reduction factor of the focal volume.

It is seen that M* ~ M ; , which is not surprising considering the work of A.E. Siegman [23] who has demonstrated that
binary optics cannot improve the beam propagation factor. In our case, this property is useful in order to adjust the depth
of field of the rectified TEM ,,, which is M ? times smaller than that of a Gaussian beam having a beam-waist of width

W, . This property is essential since it allows the decoupling of longitudinal and transversal resolutions. Indeed,
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depending on the envisaged application, one can consequently produce beams having, for a given W, , different depths

of field Z, which can be adjusted by setting the value of p, i.e., the order of the incident TEM o beam :

2
w;

ey v

It can be noted that this property is distinct from the super-resolution. One can observe in table 2 that the width W, of
the focused rectified TEM ,, is smaller, whatever p is, than that of the Gaussian TEM ;, beam focused by the same lens
without any DOE. It is worth noting that the width W, of the Gaussian beam, equal to 16.5um, also corresponds to
W, =Af (zW), i.e. the value of the beam waist given by the ABCD law. Obtaining W, <W, is then a super-resolution

effect since the obtained focal spot size is smaller than the diffraction limit expressed in Eq. (2). The factor of reduction
of the focal spot size is about 280%, for the rectified TEM g, while it does not exceed 30% to 40% for the existing

methods.
Finally, the achieved performance of the focal volume reduction by rectification of a TEM ,, beam can be summarised

through the following factor:

n=VvilVy, 6)

where V, = (ﬂzW;)/(/lM %) is the focal volume associated with the focused rectified beam. The results are given in

Table 2. It is seen that ratio 7 increases with mode order p and is equal to 675 for p=5. Then, an increase of the

1/3

transverse and longitudinal resolutions by a factor of (675)"" = 8.7 can be expected, which is very promising for the

improvement of spatial resolution of 3-D laser prototyping and non-linear microscopy, and other laser applications such
as lithography, cutting and writing.

3. CONCLUSION

We have demonstrated that the oscillation of a laser on a high-order but single transverse mode can be very useful.
Indeed, a symmetrical Laguerre-Gauss mode TEM ,, can generate focal volume reduction if it is rectified by an

adequate Diffractive Optical Element. The factor by which the focal volume is reduced can be as high as 675 for a mode
order p=5. In this case, one can expect an increase of the transverse and longitudinal resolutions by a factor of

about (675)"* ~ 8.7 . These results are very promising for the improvement of spatial resolution of 3-D laser prototyping
and non-linear microscopy, and other laser applications as lithography, cutting and writing.
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