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Abstract

Research into the spatial reshaping of monochromatic laser beams grew significantly in the
late 1990s due to improvements in the fabrication of diffractive optical elements. Nowadays,
some applications, such as optical coherence tomography, necessitate the use of broadband
light beams with a spectral width of hundreds of nanometers. The difficulty in reshaping
such spectrally broadened beams lies in the wavelength dependence of the beam shaping
process. This paper presents a numerical study of the wavelength dependence of two
beam shaping techniques that allow a Gaussian beam to be transformed into a flat-top
or doughnut intensity profile in the focal plane of a focusing lens. The first technique is
based on the diffraction of an incident Gaussian beam passing through a simple binary
diffractive optical element. The second technique can be described as an interferometric
method, as it involves the coaxial superposition of two Gaussian beams emerging from
a Michelson interferometer. We compared the stability of these two techniques’ ability
to reshape the beam versus the spectral bandwidth of the incident Gaussian beam. We
showed that the interferometric method is more resilient than the diffractive method to
changes in the spectral bandwidth of the Gaussian beam. We also considered the case
of a quasi-monochromatic beam delivered by a widely tunable laser and reshaped using
the interferometric method, where the dispersion of beam reshaping could be mitigated
by two programmable liquid lenses that enable control of the curvature of the Michelson
interferometer mirrors.

Keywords: spectrally broadened Gaussian beam; structured light; interferometric beam
shaping; diffractive beam shaping

1. Introduction

Most commercial lasers deliver a beam with a Gaussian output profile that is main-
tained after focusing. However, since specific applications may require a different intensity
profile in the focal plane of the focusing lens, we must resort to techniques for reshaping
the Gaussian laser beam spatially. To avoid imprecision, we will highlight two particular
intensity profiles that are generally desired:
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(i) The flat-top (FT);
(ii) The optical bottle beam (OBB).

The OBB profile is defined in [1,2]. It is a focused beam characterised by a region of
minimal intensity surrounded by higher intensity light in the three principal directions.
The main application of the OBB is trapping particles with a low refractive index [2]. It is
important to note that using a hollow laser beam instead of the usual Gaussian beam (GB)
has benefits. For example, hollow beams propagating through a turbid medium suffer less
distortion than a GB [3], and heating and absorbing materials with a hollow beam leads to
a more uniform temperature distribution than with a GB [4]. It should also be noted that
hollow beams propagate less distortedly through a turbulent atmosphere than GBs [5,6].
This property improves the quality of free space optical communications. Using a hollow
spot in STED (stimulated emission depletion) microscopy enables super-resolution, i.e.,
the observation of fine details smaller than the usual diffraction limit [7]. In the preceding
lines, we did not wish to equate the OBB with a hollow beam, which is often referred to
as a vortex. Indeed, the OBB can be viewed as a hollow beam close to its focusing plane,
whereas the hollow beam (vortex) retains its ring shape throughout its propagation axis. We
simply wanted to demonstrate the advantages of using a hollow intensity profile instead of
the usual Gaussian profile through some applications:

(i) Inophthalmology for certain corneal surgery [8];

(ii) For laser-driven proton accelerators [9];

(iii) For laser micro-structuring [10,11];

(iv) For attosecond light pulses and high harmonic generation [12].

It is well known that the main weakness of end-pumped solid-state lasers is the
thermal lensing caused by the absorption of pump light, which generates heat. In addition
to thermal lensing, which threatens the stability of the laser cavity, thermally induced
aberrations are responsible for degrading the quality of the laser beam [13]. Recently, it
has been demonstrated that the negative consequences of thermal effects in end-pumped
solid-state lasers can be mitigated by using a pump beam with a ring- or flat-top-shaped
intensity profile [14].

The main techniques for reshaping a Gaussian beam (GB) into an FT or OBB profile
are as follows:

(i) Interferometric method [15-20];
(i) Refractive method [21-29];
(iii) Diffraction method [30—41].

At first glance, these techniques appear to be quite different, but they are all in fact
diffractive techniques. Indeed, the refractive method involves using an aspheric lens, which,
by definition, is equivalent to a phase aberration on which the incident GB diffracts. As
shown in the Appendix A, the coherent, coaxial superposition of two Gaussian beams
emerging from a Michelson interferometer is equivalent to a diffractive optical element
(DOE#1) with continuous transmittance, which is defined as follows (see Appendix A):

7 (p) = cos(Bp?) (1)

where p is the radial coordinate, and j is a parameter which is defined in the Appendix A.
This is the first DOE that is considered for transforming a Gaussian beam into FT or OBB.
DOE#2 is known as 7-plate with a transmittance given by

—1forp < pog
pu— 2
7 (p) { Hforp > py 2)
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In contrast to DOE#1, which has continuous relief, DOE#2 is a binary diffractive device
that introduces a m-phase shift to the central part of the incident Gaussian beam. It has
been demonstrated that both DOE#1 and DOE#2 can transform a monochromatic Gaussian
beam into an FT or OBB intensity profile in the focusing plane of a lens [15]. Section 2
will briefly review the main findings regarding the beam shaping properties of DOE#1
and DOE#2 in the monochromatic case. Section 3 will deal with broadband beams. Such
beams have attracted considerable interest in recent years, as they correspond to various
types of laser beams, including femtosecond pulses [42]; superluminescent diode light
sources [43-46], which are primarily used in optical coherence tomography (OCT); and
supercontinuum [47—49]. All of these broadband beams may require spatial reshaping
of the focal spot. Therefore, it is interesting to study the stability of the beam reshaping
achieved by DOE#1 (interferometric method) and DOE#2 (diffractive method) with regard
to the spectral bandwidth. It should be noted that there are very few studies on this topic in
the literature, despite it probably being relevant for several applications [50-52]. Section 4
compares the advantages and disadvantages of interferometric and diffractive methods for
transforming a spectrally broadened Gaussian beam into flat-top or doughnut profiles.

As mentioned above, the beam shaping technique affecting the phase profile is inher-
ently wavelength-dependent. This raises the question of whether it is possible to maintain
the reshaped beam intensity profile without altering it, regardless of the laser wavelength.
This question is relevant to the design of the beam shaping setup applicable to a widely
tunable laser, and will be addressed in Section 5. Please note that some solid-state lasers
can be operated over a broad tuning range of several hundreds of nanometers [53-55].

2. Monochromatic Gaussian Beam Reshaping Achieved by DOE#1
and DOE#2

The geometry of GB reshaping is given in Figure 1, which shows a collimated GB
having a width W incident on the couple (DOE + focusing lens).

DOE 7

|

Collimated Gaussian beam
of width W=2.5 mm

|

\4

z= =L

Figure 1. Setup showing the geometry of the Gaussian beam reshaping by a DOE set as close as
possible to the focusing lens of focal length f;, = 125 mm.

The incident collimated Gaussian beam is characterised by its electrical field E;,, given by

Ein(p) = Eo x exp[—p*/W?] 3)

The incident GB diffracting on the DOE of transmittance 7(p), and focused by the lens
of focal length f; = 125 mm, gives rise to the diffracted electric field E;(r, z) handled by the
well-known Fresnel-Kirchhoff integral given by

Ear,z) =50 07 w)Eu(e)exp| - (5= 1 ) | 1o o] o @
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where r is the radial coordinate in plane z, and Jj is the zero-order Bessel function of first
order. Equation (4) allows the determination of the transverse distribution of the diffracted
field E4(r,z) in any plane z, and the on-axis diffracted field E;(r = 0,z). The intensity
distribution I;(r, z) is proportional to the square of the electric field: I;(r,z) < |E4(r,z) 2.
The Fresnel-Kirchhoff integral is calculated numerically by using a FORTRAN routine
involving the numerical integrator dgdag from the International Mathematics and Statistical
Library (IMSL). The transmittance 7(p) appearing in Equation (4) stands for 7 (p) (2(p))
for DOE#1 (DOE#2).

2.1. Monochromatic Beam Reshaping Using DOE#1

At first glance, it appears that fabricating DOE#1 with a transmittance cos(B0?) cannot
be achieved through the simple etching of a transparent glass piece. Indeed, DOE#1 acts on
both phase and amplitude. However, it has been demonstrated in [56] that generating a
transmittance cos(Bp?) is possible using a phase-only spatial light modulator (SLM). This
procedure is advantageous because the parameter  can be continuously adjusted, allowing
flexible control of the reshaped beam profile.

The diffraction of the collimated Gaussian beam of width W = 2.5 mm upon the
couple (DOE#1 + converging lens) according to Figure 1 is characterised by two intensity
distributions. The first one, shown in Figure 2, is the on-axis intensity I;(r = 0,z) as a
function of the longitudinal coordinate z. The second one is the radial intensity distribution
I;(r,z = f1) plotted in Figure 3. The plots in Figures 2 and 3 represent several values of
parameter B.
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= A0 =125 mm -J-al. I 5
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Figure 2. On-axis intensity distribution (r = 0) of a collimated Gaussian beam of width W = 2.5 mm

diffracting on DOE#1 having a transmittance 71 (p) = cos(Bp?), followed by a converging lens of
focal length f; = 125 mm.

It is seen in Figures 2 and 3 that the flat-top (FT) intensity distribution in plane z = f|,
is obtained for B = 0.16 mm 2, while the OBB is obtained for several values of parameter
B as shown in Figure 4. As the control parameter § increases, it is observed that the ring’s
intensity decreases while its diameter increases, and the central intensity at r = 0 diminishes.

In a first step, as indicated above, the DOE#1 with the transmittance cos(Bp?) was
achieved by using an SLM. The capacity of this diffractive optical element to transform
a Gaussian beam into a doughnut or a flat-top profile has been experimentally proven
in the monochromatic case [56]. It is worth emphasising that SLMs are versatile and
programmable, but are made up with liquid crystal, which has the property of being
sensitive to wavelength [52,56-59], and consequently are not well adapted to the beam
reshaping of broadband light beams.
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In a second step, the term cos(Bp?) that modulates the incident GB was achieved
using a Michelson interferometer, which superposes two coherent GBs coaxially from its
arms. Experimental results have shown that this monochromatic GB superposition yields a
flat-top or an OBB in the focal plane of a focusing lens. This interferometric beam shaping
technique is described in the Appendix A for the monochromatic case, and how it can be
adapted to a spectrally broadened Gaussian beam is considered in detail.

1 - —
W=25 mm = L
»=1064 nm - 2:6=0.1 mm B
.| f=125mm 3 3:p=0.16 mmﬂ‘
104 2=, 4 4:p=02 mm™~
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£ 4 \%
‘w 1077
= E
E ]
= [
| 1]
[
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Figure 3. Radial intensity distribution in the focal plane z = f; of a Gaussian beam diffracting on the
couple (DOE#1 + converging lens) for different values of parameter f.
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Figure 4. Radial intensity distribution in the focal plane z = f; of a Gaussian beam diffracting on the
couple (DOE#1 + converging lens) for different values of parameter f.

2.2. Monochromatic Beam Reshaping Using the DOE#2

DOE#2, having a complex transmittance given by Equation (2), is a binary diffractive
optical element (called as 7-plate) which introduces a 7-phase shift in the central part of
the incident collimated Gaussian beam. The 7-plate under consideration is made up of
a transparent material of refractive index ng in which a relief of depth 6 = A/[2(ny — 1)]
is etched. The relief shape is a circle of radius pg. The intensity profile I;(r,z = f) is
controlled by the parameter Yp; defined by

Ypr = po/W )

The two intensity profiles of interest, flat-top and OBB shown in Figure 5, are obtained
for Yp; = 1.25 and 0.9, respectively [60].
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Figure 5. Intensity profile in the plane z = f; showing the capacity of the m-plate to transform a
Gaussian beam of width W = 2.5 mm into a flat-top or a doughnut profile. The focusing lens has a
focal length f; = 125 mm. The incident beam is monochromatic with a wavelength A = 1064 nm.

3. Reshaping of a Gaussian Broadband Beam Using an Interferometer
and DOE#2

The Gaussian beam that is to be reshaped is no longer monochromatic, but is char-
acterised by its normalised spectral power distribution Pp(A), which has a full width at
half maximum (FWHM) AA. The spectral light distribution is typically bell-shaped, and
can be Gaussian or Lorentzian, centred on a particular wavelength Ay and having a width
of FWHM AA. For simplicity, we will consider the triangular spectral distribution shown
in Figure 6.

Pp(A A

l _______________________

v

ho—AM hotAL
Figure 6. Spectral distribution of the incident polychromatic Gaussian beam.

The distribution Pp(A) shown in Figure 6 is modelled by the following equation:

0 forA < (Ag—AA)
14 2% for (Mg — ML) < A < Ag
1+ 22 for g < A < (Ao +AA)
0 forA > (Ag+AA)

Pp(A) = (6)

The power carried by the polychromatic incident GB is proportional to its squared
electric field so that the electric field given in Equation (3) is rewritten as follows:

Ein(p,A) = Eo X 1/ Pp(A) x exp[—p?/W?] (7)
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3.1. Polychromatic Beam Reshaping Using a Michelson Interferometer

In view of the above, we must consider an alternative to using the usual SLMs to
generate the modulation term T;(p) = cos(Bp?) suitable for a broadband beam. One
possible solution is the interferometric beam shaping technique, which uses a Michelson
interferometer to achieve the coaxial superposition of two Gaussian beams with the same
width (W) and opposite radii of curvature: (W,+R) and (W,—R). This interferometric method
is explained in greater detail in the Appendix A, so we will not reiterate its presentation
here. However, it is important to remember that the beam reshaping ability of the Michelson
interferometer (MI) is highly dispersive when its arms have different lengths, i.e., D; # D.
Consequently, the Appendix A shows that MI dispersion is significantly reduced when the
Ml is symmetric, i.e., D; = D5. In this case, producing the two Gaussian beams, (W,+R)
and (W,—R), in the plane of the focusing lens is possible by replacing the MI’s usual plane
mirrors with a convex mirror and a concave mirror, as shown in Figure A7. However, there
is still an inevitable dispersion due to the wavelength dependence of the parameter j given
in Equation (A3). For convenience, the dimensionless parameter K is introduced in place of
the parameter j3, so that the modulation term 7; (p) takes the following form:

2K W2
2 2 ; e
71 (p) = cos(Bp?) cos( W2 Y ) with K = 1 8)

where Ry, and W, refer to the mirror radius of curvature and incident collimated Gaussian
beam width, respectively (see Figure A7). As shown in the Appendix A, the value of interest
for parameter K which controls beam shaping is K = 0.16 (0.4) for a flat-top (doughnut)
intensity profile.

Taking Equation (8) into account, we can expect the spatial reshaping of the incident
polychromatic GB to differ according to the spectral region. Consequently, the intensity
profile in the focal plane of the focusing lens (Figure A7) is the result of the superposition
of intensity profiles associated with the different spectral regions, which leads to a blur-
ring of the reshaping. However, the plots in Figure 7 contradict this intuitive weakness,
demonstrating the robustness of interferometric beam reshaping with respect to the spectral
bandwidth of the incident Gaussian beam.

3.04 3.0] (b)
28 -
26 ] K=0.7
=2 2 24 AA=600 nm
»n » 224
- | -y 4
S S 2
£ £ 161
e} T 141
ki 8 12]
= = 10]
£ 084 A2=6 nm £ 08
5 067 5 06] o
Z 04] Z 04] AA=6 nm
0.2 024
00l . . . : ool —/N N N\
-004 -002 0.00 0.02 0.04 -015 -0.10 -005 000 005 010 0.5
r(mm) r(mm)

Figure 7. Intensity distribution in the focal plane of the focusing lens L for the three values of
bandwidth AA, and two remarkable values for parameter K: (a) K = 0.16 for the conversion of GB to
FT, and (b) K = 0.7 for the conversion of GB to OBB. The central wavelength is Ay = 1064 nm.

In light of the above, we should not presume that the interferometric reshaping tech-
nique is infallible when the input beam is spectrally broadened. To illustrate this, consider
the case of femtosecond laser pulses, which are characterised by a spectral frequency
bandwidth Av (FWHM). According to the following relation [42], the latter is inversely
proportional to the pulse duration ¢, (FWHM) for a sech? pulse:

https://doi.org/10.3390 / photonics13040388
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tp x Av = 0.315
In addition, it is important to consider the spatial extent Az of the pulse:
Az =c Xty

where c is the light speed. Table 1 shows the order of magnitude of the quantities t,, AA
and Az.

Table 1. Relationship between the duration ¢, the spectral bandwidth AA, and the spatial length Az
of femtosecond pulses.

tyin fs 1 10 100
AA in nm 1000 100 10
Az in pm 0.3 3 30

In the setup shown in Figure A7, the focusing lens L is illuminated by two Gaussian
beams, (W, Ryr) and (W,, —Rypr), which focus at different positions, respectively, at dis-
tances zmax1 and zmax2. This is illustrated in Figure 2, where the on-axis intensity has two
maxima occurring from both sides of the geometrical focus position z = f; as parameter
is increased. The positions zmax1 and zmaxe are given by the following relations [61]:

Zmaxl = St (9)
(&-%) + (%)
1 1
ma2 = (RlefL)z ; (10)
(#+#) + (we)

Now, we have to compare the distance (zmax2 — Zmax1) to the spatial extent Az of the pulse
in order to determine if the necessary overlapping of the two pulses associated with the two
GBs, (We, Ryr) and (W,, —Rp), is possible or not. This overlapping occurs as the inequality
(Zmax2 — Zmax1) < Az is satisfied. Figure 8 shows the variations in (Zmax2 — Zmax1) Versus
the parameter K. The latter varies according to the mirror radius of curvature Ry, as
defined in Equation (8), and evaluated at the central wavelength A = Ay = 1064 nm. Upon
closer inspection of Figure 8, it can be concluded that interferometric beam shaping is not
applicable to ultrashort pulses, as the distance (zmax2 — Zmax1) between the best focal points
associated with the GB (W,, Ry) and (W, —Rp) is far greater than the pulse length Az
given in Table 1. Therefore, it can be concluded that interferometric beam reshaping using
the setup shown in Figure A7 is not applicable to ultrashort pulses with a duration of less
than 1 ps. However, interferometric beam reshaping could be successful for a spectrally
broadened CW (continuous wave) beam or a pulsed laser beam with a spatial extent of a
few tens of millimetres (i.e., a pulse duration greater than 150 ps if Az > 50 mm).

3.2. DOE#2 for Reshaping a Polychromatic Gaussian Beam

DOE#2 was presented in Section 1. One assumes a collimated GB having a width
W, = 2.5 mm, spectrally broadened according to Figure 6, incident on the n-plate char-
acterised by its transmittance 7, (p) given by Equation (2). The m-plate is followed by a
converging lens of focal length f; = 125 mm. We are interested in the intensity profile
Li(r,z = f) = |E4(r,z = f1)|* in the focal plane z = f; where the diffracted field E; is

https://doi.org/10.3390 / photonics13040388
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As for DOE#2 in the monochromatic case considered in Section 2.2, we will focus
on the two notable Ypr values leading to a flat-top or OBB, respectively: Yp; = 1.25 and
Ypr = 0.9. Figure 9a,b show the results for three values of AA. A quick glance at Figure 9
reveals that the beam reshaping carried out by the m-plate (DOE#2) becomes blurred,

especially when the spectral bandwidth AA is large.

)inmm
P

-Z
maxi
(=2}
1

max2
-
1

0.4 06 08 1.0 12 14

Figure 8. Variations in the distance (zmax2 — Zmax1) separating the best focus associated with the
two Gaussian beams (W, Rys) and (W, —R ) incident on the focusing lens L (see Figure A7). The
parameters are W, = 2.5 mm, f; = 125 mm and Ay = 1064 nm.

284 (b) Y09
z=f
é“ :. 24 LA
£ = Ax=600 nm
c c
o )
E =
- O
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i B :
O 04] g 04
z A) =6 =] 2=06
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Figure 9. Intensity I;(r,z = f) < |E4(r,z = f1) |2 in the plane z = f; when the incident Gaussian beam
on a 7-plate is spectrally broadened according to Figure 6. The central wavelength is Ay = 1064 nm,
the collimated incident GB has a width of W, = 2.5 mm, and the focal length of the focusing lens L
is f; = 125 mm. Nominal beam reshaping into (a) a flat-top and (b) a doughnut (OBB). The central
wavelength is Ag = 1064 nm.

In any case, it is reasonable to state that interferometric beam shaping, used to trans-
form a spectrally broadened Gaussian beam into a flat-top or an optical bottle beam, is
more resistant to an increase in the spectral bandwidth of the incident beam than diffractive
beam shaping using a n-plate.

4. Discussion

In view of the above, it can be concluded at least for the monochromatic enlightenment
that both DOE#1 and DOE#2 are able to transform a Gaussian beam into a flat-top or an
optical bottle beam. It would be interesting to know why the two transmittance profiles,
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71(p) and 12 (p), originating from interference and diffraction, respectively, have the same
ability in terms of beam reshaping. One likely hypothesis that comes to mind is that the
transmittance profiles 73 (p) and 12 (p) should be similar. To test this hypothesis, consider
the plots of 7y (p) and 12 (p) in Figure 10, for Yp; = 1.25 and K = 0.16, and in Figure 11, for
Yp; = 0.9 and K = 0.7, corresponding to an intensity profile in plane z = f; which is a
flat-top or a doughnut, respectively. The value of Yp; used in Figures 10 and 11 corresponds
to the point of sign reversal of transmittance 71 (p). The conclusion that can be drawn is
that the modulating term 7y (p) originating from the Michelson interferometer setup shown
in Figure A7 behaves approximately as a m-plate having a smoother profile than the usual
sharp one described in Equation (2). Note that the sign of 7,(p) in Figures 10 and 11 is the
opposite of that in Equation (2). This difference is not significant since the beam reshaping
achieved is the same whatever the DOE transmittance is, 7o or — 1.

o
w
I

[
o
'

—:1,(p) for K=0.16
—:1,(p) for Y,=1.25

Transmittance

-0.54
S N S R —-——————— -
'
!
T T lI T T T T T I. T T 1
-6 -5 4 -3 -2 -1 0 1 2 3 4 5 6
p (mm)

Figure 10. Variations in transmittances: 7 (p) for K = 0.16 and 1 (p) for Yp; = 1.25.

(]
5]
c
©
x
=
7]
c
o
—:1,(p) for K=0.5
—1,(p) for ¥_=0.72
-15 T T T T T T T T T T T 1
-6 -5 4 -3 -2 1 0 1 2 3 4 5 6
£ (mm)

Figure 11. Variations in transmittances: 71 (p) for K = 0.5 and 1 (p) for Yp; = 0.72.

Now, it would be useful to list the advantages and disadvantages in using DOE#1 and
DOE#2 for transforming a Gaussian beam into a flat-top or a doughnut profile.
DOE#1 advantages:

- High resiliency towards the spectral bandwidth of the incident beam to be reshaped.
The transformation of a Gaussian beam into a flat-top or OBB profile remains unper-
turbed even for a large bandwidth AA.

- The interferometric beam shaping technique does not introduce any aberration in the
reshaped beam.

- The setup shown in Figure A7 allows for generating the modulating term 7 (o) = cos(B0?)
with high agility in the sense that the intensity profile in the focal plane of lens L could
be rapidly changed from a flat-top to doughnut profile just by changing the radius
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of curvature of mirrors M; and M,. This can be achieved by using a programmable
liquid lens used as an add-on to a fixed focus lens [62-65].

The interferometric beam shaping technique using the setup shown in Figure A7 does
not introduce any aberration in the reshaped beam.

DOE#1 disadvantages:

As with most interferometric devices, the setup shown in Figure A7 may be sensitive
to temperature. Fluctuations in the ambient temperature cause a phase change in the
light inside the arms of the Michelson interferometer. This could alter the intensity
profile of the reshaped beam, as illustrated in Figure A4. In fact, this situation is
probably not as disastrous as has been suggested, since the optical phase in each arm of
the MI changes by the same amount with temperature changes, meaning that the setup
shown in Figure A7 could be nearly temperature-insensitive. Nevertheless, it would
be sensible to enclose the Michelson interferometer in a temperature-stabilised box.
The Michelson interferometer’s transmission rate is around 50%, leading to significant
losses in the reshaped beam.

The interferometric beam shaping technique based on the setup shown in Figure A7 is
well suited to continuous-wave (CW) beams. It does not work for ultra-short pulses
with a duration of less than 1 ps, but it could work well for pulses with a duration
greater than about 150 ps.

DOE#2 advantages:

The use of DOE#2 enables the beam reshaping setup to be more compact, since it only
comprises a 7-plate and a focusing lens.
Beam reshaping using DOE#2 works well for CW beams [15] and ultrashort pulses [66,67].

DOE#2 disadvantages:

The m-plate is a diffractive optical element which is relatively costly.

The use of a m-plate for reshaping a Gaussian beam is not a flexible technique, since
changing the parameter Yp requires changing the width W, of the incident collimated
Gaussian beam, which is not immediately possible.

The collimated Gaussian beam passing through the DOE#2 has its wavefront distorted
since it exhibits a discontinuity. As a result, the 7-plate introduces optical aberrations
in the reshaped beam. These diffractive aberrations have been characterised [68] by de-
termining the aberration coefficients ; in the framework of the modelling introduced
by Mahajan [69]. The variations in the normalised defocusing and the high-order
spherical aberration coefficients A; = a;/A are shown in Figure 12.

0.25-

020 A, defocusing
A, primary SA

0.15 A, secondary SA
A, tertiary SA

0.10

Figure 12. Variations in the normalised aberration coefficients Aj versus the parameter Yp;. The
mi-plate produces defocusing and high-order spherical aberrations (SAs).
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The issue of reshaping broadband Gaussian beams dates back a few years [50], but
has recently been revived thanks to new devices such as digital micro-mirror devices [51].

5. Spatial Beam Reshaping of a Laser with Widely Tunable Wavelength

Without making any sweeping generalisations, it can be observed that any beam
shaping technique based on reshaping the phase profile of the beam wavefront could be
expected to be wavelength-dependent. This is the case for the DOE#1 and DOE#2 devices
considered in the preceding sections. This wavelength dependence could pose a significant
challenge if we wish to reshape the Gaussian beam delivered by a widely tunable laser
operating over a broad tuning range of several hundred nanometers [53-55]. Such lasers
can be considered as monochromatic sources with tunable wavelengths over a more or
less wide range. Consequently, if no action is taken, the desired intensity profile in the
focal plane of a focusing lens could be lost when the laser wavelength is tuned. To keep
the reshaped intensity profile unchanged when the wavelength is tuned, we must take
action to mitigate the dispersion properties of the reshaping device. This problem has been
addressed by A. Forbes et al. in [70] for a phase-only DOE. Without going into the reasoning
behind the method used by the authors of [70] to compensate for the dispersion of the DOE,
which is assumed to achieve a Gaussian-to-Flat-Top-beam transformation, we present the
solution proposed by A. Forbes et al.: by displacing the observation plane, the desired
intensity mapping, which is lost in the focal plane of the focusing lens when the wavelength
is tuned, can be recovered. Note that this method of beam shaping dispersion compensation
is not very practical, since a tracking system is required to observe the particular plane
where the desired intensity mapping occurs as the operating wavelength is tuned. This
drawback can be avoided by using the interferometric beam shaping method with the
setup shown in Figure A7. The cause of beam shaping dispersion is that the key parameter
K, which controls intensity mapping in the plane z = f;, is inversely proportional to the
operating wavelength, as shown in Equation (8). To achieve beam reshaping in plane
z = f1 that is independent of the operating wavelength, the radius of curvature Rys must
be adjusted. As discussed in Section 4, this can be achieved by setting up a programmable
liquid lens [62-65] in front of the Michelson interferometer mirrors.

6. Conclusions

This work presents a theoretical analysis of the reshaping of a spectrally broadened
Gaussian beam into flat-top and optical bottle beam (OBB) intensity profiles using inter-
ferometric (Michelson interferometer) and diffractive (n-plate) approaches. While both
techniques are effective in the monochromatic case and were experimentally verified ten
years ago [15], pronounced differences arise under broadband illumination. The ability
of the diffractive m-plate to shape beams is strongly sensitive to the spectral bandwidth,
resulting in progressive degradation of the reshaped intensity profiles due to wavelength-
dependent phase modulation. In contrast, the interferometric beam shaping technique
is based on the coaxial superposition of two Gaussian beams, (W,, Ry1) and (We, —Ry).
The target intensity profiles remain largely preserved over a wide spectral range. This
robustness originates from the continuous nature of the interferometric modulation term
cos(Bp?), and the absence of additional aberrations, since adding two spherical wavefronts
does not introduce any aberration. While this approach is not suitable for ultrashort pulses,
it is particularly well adapted to broadband continuous-wave (CW) sources and relatively
long pulses (with a duration greater than about 150 ps). Overall, the present results es-
tablish interferometric beam shaping as an efficient and flexible solution for applications
requiring broadband operation and precise control of the focal intensity distribution.
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The issue of beam shaping stability with respect to wavelength also affects quasi-
monochromatic beams delivered by a widely tunable laser. We have proposed a simple
method applicable to interferometric beam shaping that mitigates the wavelength depen-
dence of the reshaped beam’s intensity profile. This method involves locking the curvatures
of the interferometer mirrors to the laser wavelength using programmable liquid lenses
positioned in front of the mirrors.
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Appendix A. The Interferometric Technique for Laser Beam Shaping
Appendix A.1. The Gaussian Beam to Be Reshaped Is Monochromatic

An alternative to a diffractive optical element with a transmittance cos(Bp?) is the
coaxial superposition of two Gaussian beams (GBs) with the same width W and opposite
radii of curvature in a given plane: (W,R) and (W,—R). This particular longitudinal position
where the two GBs, (W,R) and (W,—R), interfere is precisely where the focusing lens of
focal length f1 should be positioned. The intensity profiles of interest are either a flat-top
or doughnut-shaped intensity distribution, which are expected in the focal plane of the
focusing lens. The resulting electric field E;, in the plane of the focusing lens, associated
with the coaxial superposition of GBs (W,R) and (W,—R) takes the following form:

ko? 2 ko2 2

4 e I e !
_ ko® 0?

Er(p) = 2Eq cos [ZR} exp ‘_WZ (A2)

Note that in Equation (A1), we kept only the useful terms, allowing for the term
cos(Bp?) to be generated. Taking into account Equation (1) allows for the parameter § to
be identified:

7T
P=3R

The coaxial superposition of the two coherent monochromatic Gaussian beams can

(A3)

be achieved by using a Michelson interferometer as shown in Figure Al. In the plane of
the focusing lens L there is a superposition of two beams: beam#1 and beam#2. Beam#1 in
the plane of L is a GB (W,—R), which has travelled a distance of {d, + 2D, + d} from the
input lens L.. Beam#2 in the plane of lens L is a GB (W,+R), which has travelled a distance
of {d. + 2D, + d} from the input lens L. This arrangement is well described in Figure A2.
It allows an adequate choice of parameters {d,, Dy, D1, fe, d}.
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M,

INPUT
Collimated GB of

width W,

Figure A1l. Scheme of the Michelson interferometer (MI) allowing the transformation of a Gaussian
beam into a flat-top or doughnut profile in the focal plane of lens L. The MI is made up of two plane
mirrors and a beam-splitter, 50-50%.

BS il)osition i

i 2 D_~+d

)
v

2Dy+d

Figure A2. Representation of the focused Gaussian beam by the input lens L, inside the two arms
of the Michelson interferometer used for generating the coaxial superposition of two coherent
Gaussian beams.

The location of the beam-waist plane of the GB focused by lens L, is not random. The
focal length f, must satisfy the following equation:

fercd,+d+ Dy + Dy (A4)

In a first step, the distances {d,,d, D>} are chosen arbitrarily, and in a second step,
adequate positioning of the beam-waist point has to be determined following two condi-
tions: (i) the focal point of beam#2 reflected by mirror M, has to be located after lens L, and
(ii) the focal point of the beam#1 reflected by mirror M; has to be located before lens L. The
focused Gaussian beam by lens L. is characterised by its beam-waist size Wy, given by

A
W ~ nva“-e (A5)
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If we set the origin z = 0 of the longitudinal axis in the plane of the input lens L., then
the variations in Wf and Rf, the width and radius of curvature, respectively, of the focused
(by lens L) input GB are given by

N2
Wy(z) = Wyoy[1+ (22F) (A6)

()]

where zg = HW}O / A is the Rayleigh distance of the focused GB (by lens L;). In the plane of
the output lens L, the radius of curvature R is given by

Ry(z) = (z = fe)

2

Z
(D1 —Dy) + R

k= (D1 — D»)

(A8)

Consequently, as long as W, and f. are chosen, then the value of the control parameter
B depends only on the difference in arm lengths of the Michelson interferometer:

7T

2
A [(D1 —Dy) + (Df_RDZ)]

p= (A9)

The modulation term cos(Bp?) suffers greater or fewer variations depending upon
the width W of the Gaussian term in the plane of the output lens L. Consequently, it is
convenient to introduce a dimensionless parameter denoted K and defined as follows:

27K w2
_ a2 _ A
27rK—[3W—>[3—W2—>K TR

Two particular values for K have been identified for which the intensity profile in

(A10)

the focal plane of lens L is a flat-top for K = 0.16 or a doughnut for K = 0.4, as shown in
Figure A3. Note that when the Gaussian beam is modulated by the DOE#1 of transmittance
71(0) = cos(Bp?), it is found that the best doughnut, i.e., the deepest hollow, is obtained
for K =0.7 (or B = 0.9 mm~?2) as shown in Figure 4.

Let us return to the question of the interference, in the plane of lens L, of the field E;
and E, originating from mirrors M; and M, respectively:

W 2 2 2

E, = EOW{ZO)E—P /W exp [i{k(Dl —Dy)— ¢+ ZEZ) H (A11)
W 2 2 2

E, = Eow(fzo)e—P /W2 exp [+i{k(D1 —Dy)— ¢+ 2;"(2) H (A12)

Figure A3. Experimental intensity patterns [15] in the focal plane of the output lens L: (a) for K = 0.16,
ie., (D1 — Dy) =24 mm; (b) for K=04,1ie., (D; — Dy) =54 mm.
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The distance travelled by the field E; (E;) since the input lens L. is A} = de +2D1 +d
(Ax = d + 2D5 + d) in accordance with Figure A2. The phase shift ¢ appearing above is
the Gouy phase shift given by

Dy — D, A(Dy — D»)
= Arctg| ————= ) = Arctg{ ————=~ Al13
o= ai(P222) - g M0 -

f0
The quantity K, which is the control parameter of the beam reshaping in the focal
plane of output lens L, takes the following form:

Dy — D) (Dy— Dy)W?

(
K = =
27TZR Z)Ler

(A14)

A close look at Equation (A14) might suggest that the beam reshaping shown in
Figure A3 occurs at any position of the output lens L. However, this is not the case, as
there is only one position at which the two Gaussian beams originating from the Michelson
interferometer take the forms (W, +R) and (W, —R).

The field E; = (E; + Ey) at the input of lens L takes the following form:

Er = ZEOW('YJ[_ODZ)e_PZ/WZ(Dl_DZ) X cos{k(D1 —Dy)—¢+ ﬂpz} (A15)

Let us introduce the angle 6 = k(D1 — D;) — ¢ appearing in Equation (A15). The angle
6 varies with the wavelength and the interferometer arm length difference (D; — D). For
reference to the Michelson interferometer behaviour for plane waves, the angle 6 has to
be equal to N7t(N integer) at resonance, representing the maximum transmission of the
interferometer. It is important to distinguish between the macroscopic and microscopic values
of the path difference A = (D7 — Dy). The macroscopic PD is mechanically adjusted to
2.4 mm (5.4 mm) for obtaining a flat-top (OBB) profile as shown in Figure A3. The micro-
scopic PD is a fraction of the wavelength that should be adjusted by a PZT mount supporting
one of the mirrors, M; or M,. In addition, we have to consider thermal effects yielding
to a shift in the net value of angle 6, moving the interferometer away from resonance.
Another cause of the shift in angle 0 is its dependence on wavelength. This could play an
important role when the incident GB is a broadband beam. In order to have a clear idea of
the influence of the angle 6 on the intensity profile of the reshaped beam in plane z = fj,
we plotted in Figure A4 the intensity profile I;(r,z = f1) for a monochromatic incident GB
and for several values of angle 6. It is seen that the reshaped beam shape can be lost for a
variation in the value of angle 0 originating from a variation in (D, — D7) or A.

5.0
K=0.16 —~
N
7 /'"-_2’\ N\
—~ 35] / PP
; 30}— -«-{ F \\\,_ 6=135
b il % N\ 6=90°
@ 20— —
3 1.54 o o
= 10] 6=45
ol T N w

40 -30 -20 10 0 10 20 30 40
r (micrometers)

Figure A4. Simulated results: The setup shown in Figure Al is adjusted for delivering in plane
z =f1 a flat-top for 6 = 0. It is seen that the reshaped beam shape is lost as the angle 6 is changing.
Parameters: f; =125 mm; W, = 2.5 mm.
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Appendix A.2. The Gaussian Beam to Be Reshaped Is Spectrally Broadened

According to the monochromatic study, it is clear, by examining Equation (A15)
and Figure A4, that the MI shown in Figure A1 with D; # D, is inherently dispersive.
Consequently, if we want to reshape the intensity profile of a spectrally broadened focused
beam using the setup shown in Figure A1, we need to minimise its dispersion properties
as much as possible. According to Equation (A15), this could be achieved if the MI was
symmetric, i.e., D1 = D;y. However, by doing this, we should obtain two identical Gaussian
beams, (W, +R) and (W, +R), in the plane of the output lens L. Consequently, we must
find a solution that allows us to obtain one Gaussian beam (GB) with a positive radius of
curvature (ROC), and a second Gaussian beam with a negative ROC in the plane of L. This
can be achieved by replacing the plane mirror (M1 or M2) with a concave or convex mirror,
as shown in Figure A5.

INPUT
Collimated
GB of
width W,

Figure A5. The symmetric Michelson interferometer (D7 = D;) made up of concave and convex mirrors.

The Gaussian beams incident on mirrors M; and M, have the same width W; and the
same radius of curvature R;. The radius of curvature of mirrors M; and M, is R; and R»,
respectively. The radius of curvature of the beam reflected by mirror M; (M) is R¢1(Rc2),
given by

1 1 2 1 1 2
=———and — = — — — Alé
Ra R R Ro Ri R (A16)

In a first step, we wish to obtain in the two reference planes of mirrors M; and M, two
Gaussian beams having the same widths and the opposite radius of curvature. In a second

step, these two beams, (W,+R) and (W,—R), have to be imaged in the plane of the focusing
lens L. An examination of Equation (A16) shows that this objective can be fulfilled if we
remove the input lens L, so that Ri_1 = 0, and setting the radii of curvature of M; and M,
as follows:

Ri=Rpy>0and R, = —Ry; <0 (A17)

In view of the above, one has W; = W,, and the Gaussian beam in the plane of
mirror M; (M) is characterised by the couple (W,, Ry) (We, —Rp1)). The GB reflected by
the concave mirror M; having a positive radius of curvature is diverging, while the GB
reflected by the convex mirror M, is converging. Figure A6 provides a useful summary
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Beam width (mm)

of this situation. The two GBs reflected by mirrors M; and M, are characterised by a
beam-waist of width Wy located at a distance Zy from the position of mirrors M; and M, as
shown in Figure A6. The quantities Wy and Z are given by [61]

We RM
Wo= ————andZg= — " (A18)
W2 1+ (/\RM>
1+ ()\RM) TWZ
1.0+
1.04 .
£ (b) [~~~ Vitual part of the refiected
e + = Virtual part of the reflected £ 084 . beam by M,
0.8+ beam by M, = beam reflected by M,
beam reflected by M, = =
9
0.6 ; 0.6+
&
0.4 o 044
ol m
e |1
| S 0.2
0.2 i ) W
Yo wie O F i -
&
W, 0 |
00 T T T T t T T T T UO T d T ' T X T o il = T ¥ T . T ¥ T .
-100 -50 0 50 10 150 200 250 300 -100 -50 0 50 1090 150 200 250 300
" it Z (mm
Position of M, Z(mm) Position of M, ( )

Figure A6. Theoretical evolution along the propagation direction of the Gaussian beam reflected by
(a) the concave mirror M and (b) the convex mirror M.

A careful examination of Figure A6 shows that there is no position for the output
lens L where the two GBs have equal widths. This problem can be solved by using a 4f
setup [71] serving as an optical relay for imaging the GBs existing in the plane of mirrors
M; and M; into the plane of output lens L. The 4f setup uses two converging lenses of focal
length f; and f, separated by a distance D = f; + f,. An usual case is a 4f setup made up
of two identical lenses (f; = f, = f). This setup comprises an input plane positioned in the
front focal plane of the first lens L1, and an output plane localised at the back focal plane of
the second lens L,. The first lens achieves a first Fourier transform, while the second lens
realises a second Fourier transform so that one gets in the front focal plane of lens L, of
the 4f setup a reproduction of the field outstanding in the input plane. Consequently, the
couple {We, +Rpr} ({We, —Rpr}) on mirror My (M) is transferred onto the output lens L
by means of the 4f system as shown in Figure A7. By taking into account Equations (A10)
and (A15), one obtains the field distribution Ej (p) in the plane of lens L in Figure A7:

2
Er(p) = 2Ey x exp {—pz/Wﬂ X cos{ZnKIﬁﬂ} (A19)
e
As shown above, note that the dispersion of the Michelson interferometer used for
reshaping a Gaussian beam has been reduced by setting the arm lengths to the same length,
ie., D1 = D,. However, the wavelength dependence of K is determined according to
Equation (A10). This remaining dispersion is considered in Section 3.
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INPUT L
Collimated GB
of width W,

Figure A7. The first lens L; of the 4f setup is located so that f = D1 + d = D, + d. The output focusing
lens L is positioned at the back focal plane of lens L,.
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