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Abstract: ~ Spatial shaping of ultrashort laser beams at the focal plane
is theoretically analyzed. The description of the pulse is performed by
its expansion in terms of Laguerre-Gaussian orthonorma modes. This
procedure gives both a comprehensive interpretation of the propagation dy-
namics and the required signal to encode onto a spatial light modulator for
spatia shaping, without using iterative algorithms. As an example, pulses
with top-hat and annular spatial profiles are designed and their dynamics
analyzed. The interference of top-hat pulses is also investigated finding
potential applications in high precision pump-probe experiments (without
using delay lines) and for the creation of subwavelength ablation patterns.
In addition, a novel class of ultrashort pulses possessing non-stationary
orbital angular momentum is also proposed. These exotic pulses provide
additional degrees of freedom that open up new perspectives in fields such
as laser-matter interaction and micro-machining.
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1. Introduction

Nowadays, phase-only 2D spatial light modulators (SLMs) have become an essential tool for
modulation and analysis of light. The SLMs are applied in many areas of optics highlighting
beam optics, optical tweezers and adaptive optics. Most applications are devoted to monochro-
matic light, but in the last decades, SLMs applied to temporal pulse shaping, such as the direct
space-to-time [1] and quasy-direct space-to-time pulse shapers (see [2] and references therein),
has become areality. But less effort has been devoted to spatial pulse shaping. In spite of this,
pulse shaping in the spatial domain preserving the temporal behavior of the incoming pulses
has become a feasible tool for femtosecond laser micro-machining [3,4]. The efforts have been
focused on determining the signal to be applied to the SLM for obtaining the desired intensity
distribution at the focal plane [4]. Appropriate algorithms to solve the phase retrieval problem
developed for monochromatic light, such as the Gerchberg-Saxton [5], have been used satisfac-
tory for pulses >130 fs. But these algorithms fail for shorter pulses due to the spatio-temporal
coupling [6] and they are limited to intensity calculation at the focus, losing the phase informa-
tion of the wavefields.

In this paper, a procedure is theoretically analyzed to overcome these limitations by 1) en-
coding acomplex signal, amplitude and phase, onto phase-only computer generated holograms
by the method proposed in[7,8], and 2) expanding the signal in an orthonormal basis composed
of Laguerre-Gaussian (LG) modes. This procedure gives a direct interpretation of the propa-
gation dynamics of ultrashort laser pulses at the focus. In adition, it allows directly finding the
signal to be encoded onto the SLM for pulse shaping in the spatial domain without using hard
iterative algorithms. These advances are useful in alarge variety of engineering and industrial
applications as well asin fundamental physical and chemical ultrafast phenomena.

The expansion of light fields in LG modes is a well known technique used mostly for
monochromatic light [9], with the exception of a few works in which this is employed to an-
alyze the dynamics of ultrashort pulses [10, 11]. In [10], Liu et al determine the propagation
of the ultrashort pulse Laguerre-Gaussian Beam. The authors consider non-constant expansion
coefficients dependent on space-time variables, whose solutions are found numerically. In [11],
Mahon et al use the expansion method to find the diffraction of ultrashort pulses by amplitude
modulating transmittances. The procedure in [11] is quite different to that in [10] since the ex-
pansion coefficients are taking as constant values, while the expansion elements (the orthonor-
mal basis) are space-time dependent. Their results were not computational efficient, as pointed
out by the authors, for the reason that the expansion elements were calculated numerically.
We extend the procedure described in [11] to determine the diffraction of pulses by complex
signals codified in computer generated holograms. Each element of the expansion at the SLM
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planeis propagated to the focus being univocally associated to its corresponding ultrashort elec-
tric field, the “pulselet”. The pulse is then the finite sum of the individual pulselets weighted
by the expansion coefficients. This ssimples result directly relates the signal at the SLM with
the diffracted ultrashort wavefields. We obtain closed-form expressions for the pulselets, and
therefore, the expansion method becomes extremely efficient and physically intuitive.

This procedure is not limited to direct pulse propagation. It can also be applied to solve
the inverse problem, which to our knowledge is an original finding. That is, the proper signal
for spatia shaping at the focus is found directly without using iterative algorithms (devel oped
for monochromatic light) to solve the phase retrieval problem. Consequently, the applicability
of the method includes very short pulses with broad spectral bandwidth. Besides, this method
calculates the electric field, opening the window to control the spatial phase of the pulses just
by using SLMs. This fact permits to design complex ultrashort wavefield structuresin a very
simple manner, such as the ones suggested in Section 5.

Thiswork isorganized asfollows. Section 2 reviews the optical setupsin whichthe SLM can
be implemented to avoid angular dispersion and spatial chirp. In Section 3, the connection be-
tween the signal at the SLM and the pulse at the focus is derived. A closed-form expression for
the pulseletsisthen given and its main features, such us the space-time coupling and the orbital
angular momentum (OAM), are analyzed in Section 4. In Section 5 some representative exam-
ples of ultrashort spatial pulse shaping are shown. The generation of spatial top-hat ultrafast
beam profiles and the interference of this class of pulses are included as examples, showing its
potentia applications to high precision pump-probe experiments without using delay lines and
also to the creation of subwavelength ablation patterns in an approach with no moving parts.
In this section the creation of spatial annular ultrafast beam profiles is also included, showing
the versatility of the procedure. In addition, a novel class of ultrashort pulses possessing non-
stationary OAM with unique properties is also proposed. Finally, discussion and concluding
remarks are given in Section 6.

2. Optical setup

In phase-only computer generated holograms, the signal is encoded onto the 2D SLM with
a carrier frequency (a grating working in the first order of diffraction) to isolate the desired
field from the other diffraction orders. These holograms work properly for monochromatic
light. But, in ultrashort pulse applications, with broad spectral bandwidth, this encoding method
makes the hologram dispersive as pointed out in [12]. It is necessary to introduce an extra
optical element, as a grating with a carrier frequency egqual to the one on the SLM, to create
an identical angular dispersion with reverse sign to cancel out the whole angular dispersion
at the output plane of the SLM. This configuration is schematically represented in Fig. 1(a),
where the grating G and the SLM are respectively located at the input and output planes of an
imaging optical system. The angular dispersion on G isthen reverted and the system images the
input field at the grating in the SLM, avoiding spatial chirp due to light propagation between
the planes. The imaging optical systems proposed in the literature are a 4f setup [13], a 2f-
2f setup [14] and a double pass grating compressor, which is not exactly an imaging system
[15]. Other configurations such as a lens-less setup with grating and SLM assembled [16, 17]
and modifications based on the scheme in Fig. 1(a) have been also reported [18-22]. In Fig.
1(a), it has been considered that the pulse diffracted by the SLM is Fourier Transform Limited
(FTL). This condition can be reached by applying appropriately chirps to the incoming laser
pulses to compensate the temporal modification due to light propagation between G and the
SLM. Any of these approaches spatially shape the spectral components of the pulse at the SLM
without angular dispersion and without spatial chirp. These conditions are mandatory for a
proper spatial pulse shaping at the focal plane.
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Fig. 1. (&) Approach to implement the encoded signal in phase-only computer generated
holograms to the whole spectrum of the pulse. The imaging optical system cancels out the
spatial chirp at the 2D SLM and makes the approach nondispersive. (b) Typical arrange-
ment for laser micro-machining in which the spatial pulse shaping at the focus is desired.

Our proposal is experimentally realizable with current technology. Phase gratings (constant
signal) encoded onto phase only 2D SLMs can diffract light with efficiencies reaching 40% or
even more. But these values can be dropped when the spatial structure of the signal is hard,
involving for example secondary maximum and minimum with amplitudes much smaller than
the central lobe. It occurs when spatial top-hat or annular ultrafast beam profiles are created at
the focal plane of a convergent lens, asit will be discussed in Section 5. This drawback can be
removed by just matching the spatial half-width at half-maximum (HWHM) of the input pulse
with the central lobe HWHM of the signal reducing drastically the diffraction losses. This can
be easily done by selecting the proper focal lens to adapt the required signal to the input pulse
dimension, whose HWHM is often higher than 2 mm. This condition assures that the signal is
correctly sampled by the discretization of the SLM chip. On the other hand, most commercial
SLMs operate dephasing the light up to a range of 2z radians distributed in 256 (8-bit) gray
levels, allowing a proper sampling for the secondary maximum analyzed in the examples of
this work. Spatial shaping of ultrashort pulses at the focus of a convergent lens using SLMsis
feasible to be realized experimentally with current state-of-the-art technology.

3. Relationship between signal and pulse viathe LG modes

Using any of the approaches described in Section 2, the diffracted field, Eg, corresponding to
each frequency component o at the SLM plane (z = 0), can bewrittenin cylindrical coordinates

(ro, o) as

2

Eo(®,r0,¢0,2=0) =S (w)exp <_1202> R"(ro. ¢0), (@)

where S (w) is the spectral amplitude of the input pulse and R™ (ro, ¢o) is the encoded complex
signal in the dynamically controllable hologram. It has been considered an incident pulse with
Gaussian spatial distribution whose beam waist size, 3, isidentical for all spectral components
being the waist located at the SLM plane. Under these assumptions we define R™ (ro, o) =
exp (rS /B 2) R (ro, ¢0), to compensate the spatial distribution of the incident pulse and get the
field,
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Eo (@,r0, 0,2 =0) =S(®)R(ro, ¢o), )

which is proportional to the desired signal, R (ro, ¢o), for the whole spectrum. A proper choice
of R(ro, ¢o) modulates spatialy the pulse at the focal plane achieving the required spatial dis-
tribution.

Figure 1(b) shows the typical arrangement for femtosecond laser machining. The convergent
lens of focal length f is placed at the distance s from the SLM being the field evaluated at the
focal plane z = s+ f. The field propagation is described by the paraxia theory considering
nondispersive aberration-less lenses, such as dichroic lenses or spherical mirrors. Under such
conditions, the field at the focus expressed in cylindrical coordinates (r, ¢), is

E(r,¢,s+f; 0) =P (r; ) FT [Eo(ro, ¢o,z = 0; )], (©)]

where

‘o) = —i2_ @ O (1_5)p2
P(rio)= I2 Cfexp[l (s+f)}exp[|2]c (1 f>r} 4)
is defined by the arrangement geometry [23] and FT isthe spatial Fourier Transform operator
that relates the field at the SLM with the field at the focal plane.

The total scalar electric field at the focus, &, as afunction of the temporal and spatial coor-
dinatesis obtained by integrating (3) on the whole frequency range as

=

5(t,r,¢,s+f):% /E(r,¢,s+f;w)exp(—ia)t)da). (5)
Numerica integration of (5) is a cumbersome problem. An aternative method to find the
diffraction of optical pulses by hard apertures were proposed recently in [11], in which the
diffracted ultrashort pulses are obtained propagating the basis elements of the aperture expan-
sioninterms of LG modes. This procedure were not computational efficient since the analytical
expression for the propagation of the LG ultrashort pulses, the pulselets, were undiscovered.
The key isto find the analytical expression of the pulselets to connect, in aintuitive for a phys-
ical viewpoint and numerically efficient method, the signal at the SLM and the pulsed field at
the focus via the expansion coefficients in terms of LG modes.

Thus, the signal at the SLM iswritten as

R(ro,¢0) = z AnmLGnm (ro, ¢o; Wo) , (6)

n,m=0

with LG m being the Laguerre-Gaussian beams of an orthonormal base explicitly giving by [24]

2Iml+1p ml, (Im)) (2 5
PR (n+|r:|) a(p\(n:m()) Il ><Wr§>exp (—\;%) ™

The wavefield at the focus can be written as

& (trg,s+f)= z AnnZLGnm (t,1r, 0,5+ f), (8)

n,m=0

being easily interpreted as the weighted sum of the propagated LG pulselets,

oo

LG nm (t,r,¢,s+f)=%/s<w>P(r; ®) TF [LGnm (Fo, 00;Wo)] exp(—iot)dw.  (9)

—oo
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Notice that the signal and the pulse are simply linked by the expansion coefficients A, n whose
explicit expression is

21 [ oo
Anm =/ (/R(ro,%) LGp m (ro, ¢o; Wo) rodro) déo. (10)
0

0

The LG, m modes of the expansion, with radial n, and azimuthal m indexes have a doughnut-
shaped beam profile with a OAM of order m (topological charge m). In (7), wp is the beam
waist size of the expansion elements and Lﬁ,‘ml) isthe modified Laguerre polynomial.

Taking into account the spatial Fourier Transform of the LG modes [25],

TF [LGnm (o, do; Wo)] = (—i)2"* ™! 2"T“Len,m (r,o;w), (12)

where the new beam waistisw = 2fc/wpm, one can finally obtain the expression for the pulse-
lets:

LGnm (t,r,¢,5+f)=(—i)2”+‘m|cf/%P(r; ©) LG (1, 0;w) exp(—iot)dw.  (12)

In summary, the propagation of the pulseto thefocusisjust found by cal cul ating the coefficients
An m that relate the signal at the SLM (6) to the wavefield at the focus (8). It could be said that
the spatio-temporal features of the pulse are fully described by the pulselets .29, i, allowing
aphysically intuitive representation of the field.

4. Pulseletsfeatures

In this section, the analytical expressions for the pulselets are derived. For comparative pur-
poses, it is analyzed first the singular case of the monochromatic beam with spectrum S (w) =
6 (@ — ap). According to (12) the wavelet (the monochromatic pulselet) ¥4 n"’fr?]“, can be writ-
ten as

LGN (tr,g,s+ 1) = (—)*" " (21) T exp(—iwotp) LG (R 9;w1),  (13)
where w; = 2fc/wpayp is the beam waist size at the focal plane for the angular frequency o,

and ¢ 1
tp—t— St _(1_5) 2 (14)

is a position-dependent delay time. .£¢ ,'}f'r%” isaLG beam with transverse extension character-
ized by the effective radius [26], Bn = w11/2|m|+ 1, and it is affected by a spherical phase,
(wp/2fc) (1—s/f)r? giving by (14) that slightly shifts the beam focus towards higher dis-
tances. In this case the focal plane, z= s+ f, and the beam focus are not coincident. The factor
(—i)2" M1 iR (13) appears to be the accumul ated Gouy phase shift [27] in the propagation of
each LG beam from itswaist (at the SLM) to the focal plane.

Let us now find the pulselets 2% m. We describe the propagation by a conventional tempo-

ral Gaussian signal:
t2 .
s(t)=ep (- ) ep(-ian) (15
0
where /In21y isthe HWHM of the Gaussian signal and ay isthe central angular frequency. The
analytical expression for the pulselets is deduced expanding the modified L aguerre polynomial
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in apower seriesin (12), performing the integral and taking into account the Rodrigues formula
[28], giving

n+\m\+1 7i — i
LGam(tr,0,5+f) = (1) 21 (n+|ml)! po < )

ol (3 o
N AR IEA N
25t )p'l(n) ﬁpo] Hzp+ml+1< > (16

p=0

2

71 = To\/ 1+ () ; (17)
po

isaposition-dependent time constant, m, = worg / rf isaposition-dependent angul ar frequency,
H (.) isthe Hermite polynomials of index | and po = fc1o/wo is aconstant that normalizes the
transverse distance r /pp. Equation (16) reduces to (13) when 19 — .

Equation (16) is a key result since it states the pulselets by means of an analytical expres-
sion. The pulselets are space-time localized wave packets propagating in free space. Their
spatio-temporal features are mainly driving by the term tp /71 in (16). The exponential fac-
tor exp (—t3/1Z) delays the wave packets by a constant time (s + f) /c, which is removed for
simplicity, and by the spherical arrival-time (1/2fc)(1—s/f)r?. Inthe case s = f, the pulse
peak follows on a plane arrival time. The spatial distribution of the pulselets are formed by the
finite combination of the Hermite polynomiasHj (tp/71). In addition, the OAM of the pulselets
isdefined by exp(im¢). Asit hasthe same order m than the LG, n mode, the OAM is preserved
in the propagation of each pulselet to the focus.

To illustrate the pulselets properties described above, the monochromatic wavelet £% 3 Mon
is compared with its counterpart, the pulselet 2% 3. This is a representative case because
exhibits an appreciable OAM (order m = 3) and a complex intensity profile composed by six
concentric rings (n = 5), see Fig. 2(a). The parameters used in the simulations are feasible to be
experimentally realized, f = 15 cm, 19 = 15fs, Ao = 800 nm and wo = 150 um. For these values
it is obtained pp = 4.5 mm and a transverse extension characterized by the effective radius,
B3 ~ 670um for the X%MO” mode. Notice that the time constant and the angular frequency
evaluated at the distance B3 are 71 = 15.16 fsand w; = 2.3010% Hz, very closeto 1o = 15.00fs
and mg = 2.3610'° Hz, respectively. Thus, it is expected that the pulse duration and the angular
frequency at positions where the intensity is non-negligible slightly differs from the original
values of the incident pulse.

In Fig. 2(b) the intensity evolution of fggfgn for s = f is depicted, while Figs. 2(c)-2(d)
display the intensity evolution of .£’¢s 3, computed from (16), for the casess = f and s = 5f,
respectively. These are representative cases because the way in which the pulse arrives to the
focal plane varies depending on the valuess, asit will be shown below. In these figures, the axial
extent is displayed in relation to 33, while the temporal axisisin terms of the time duration 1o
of theinput signal. The dashed lines delimits the temporal HWHM centered on the pul se peak
intensity. As illustrated, plots along the spatial coordinate in Figs. 2(b)-2(c) are very similar
when evaluated at t = 0. This is because the rings of the pulselet arrive at the foca plane
simultaneously, no matter the transverse position. The case s = 5f does not meet this condition

—
N

Ss

Hw\m
v

1 exp(img) exp (—imtp)

=
YN

where
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Fig. 2. (8 Instantaneous intensity and phase for the monochromatic case zﬁyyg” with
s = f, normalized to the spatial extent in Cartesian coordinates. Intensity evolution of the
wavelet ¥ (b) and the pulselet .£¥ s 5 for the arrangements (c) s = f and (d) s = 5f as
afunction of the normalized time and spatial extent. Arrows connect the rings in Cartesian
coordinates (a) with the rings in the space-time representation (b) for the monochromatic
case. Dashed lines delimits the temporal HWHM centered on the pulse peak intensity.
Intensity graphs are normalized to its maximum value, while the gray-scale in the phase
representation runs from —r, black, to 4, white, radians. The parametersare f = 15 cm;
wo = 150um; 19 = 15 fs; Ag = 800 nm and 33 = 670 um.

and the pulse rings follow a spherical arrival-time [see Fig. 2(d)]. The pulse delay fromr = 33
to the center, r = 0, istp ~ 20 fs, higher than 1. Therefore, the shape of the instantaneous
intensity at the focal plane changes very quickly intime asit is highlighted by the dashed line
on Fig. 2(d).

A detailed analysis of the spatial distribution of intensity and phase in Cartesian coordinates
isdisplayed in Fig. 3 by different snapshots. Figure 3(a) shows the pulseletsin the arrangement
s= f evaduatedatt = — 1, O, 79, Whilein Fig. 3(b) it is displayed the case s = 5f evaluated at
thetimest = —2.519, — 10, 0, 79. The snapshott = —2.51 in Fig. 3(a) has been not represented
because of the intensity at thistimeis negligible. For comparative purposes the monochromatic
case with s = f is also depicted. Asillustrated, the intensity distribution in Fig. 3(a) fort =0
isvery close to the intensity of ng’g”, but it dightly differsfort = —19 and t = 19, in accor-
dancewith Fig. 2. Besides, the phaseat t = 0isamost identical to the one of the monochromatic
case, while in previous and latter times it acquires a spherical phase, convergent fort = —1p
and divergent for t = 7o. The pulselet evolvesfirst converging to the focal plane until the phase
become plane, beginning to divergein aposterior time. Thisisthe optimal experimental config-
uration: the instantaneous intensity of the pulselet is as close as possible to its monochromatic
counterpart. Pulselets with s = 5f behave quitte different. Its peak intensity has a spherical
arrival-time. Hence, the larger diameter ring appears first and, as the pulse evolvesin time, the
most close to the center appears at latter times. Such abehavior isinterpreted as following: the
pulse get into focus in a plane different to the focal plane. Thus, thereis a spherical phase at all
times analyzed, asthe first line of Fig. 3(b) points out.

In Figs. (2)-(3), the main properties of the pulseletswith asmall waist size value at the SLM,
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Fig. 3. Intensity and phase in Cartesian coordinates for the pulselet #9553 evaluated at
the snapshots indicated in the figure with (@) s = f and (b) s = 5f. It is aso displayed
the instantaneous intensity and phase for the monochromatic case 3%2{'5” with s = f.
Intensity graphs are normalized to its maximum value, while the gray-scale in the phase
representation runs from —r, black, to 4, white, radians. Parameters are the same than in
Fig. 2.

wo = 150 um, was used. As pointed out in (6), the pul sel ets features characterize the space-time
dependence of the wavefield at the focus through the expansion method. It is then convenient
to analyze the properties of the pulselets when the waist size dimension of the LG expansion
is relatively large, wo = 3 mm. In this case, a small transverse extension characterized by the
effectiveradius, 3 ~ 34 um, has been obtained. The spatio-temporal evolution of the pulseletis
carried out by t, /71, that isindependent on wo when evaluated at 83. Thereby, the instantaneous
intensity of .Z%¥s5 3 for s = f isaso represented by Fig. 2(a) and Fig. 3(a), both scaled by the
new value fB3. When s = 5f, the delayed spherical arrival-time evaluated at B3 is ~ 1072 fs,
which is negligible compared to 7o. The pulse pesk follows on an approximate plane arrival-
time so that the pulselet features are close to the case s = f. This conclusion aso applies to
longer pulses, shorter focal distances and larger beam waist size at the SLM.

5. Spatial pulse shaping at the focus

Section 3 describesthe ultrashort pulse at thefocus using the signal expansioninal G basis. But
nothing was said about the proper signal to generate the required spatial field distribution at the
focal plane, say f (r,¢). Tothis, f (r,¢) must be expanded in terms of aL G basis particul arized
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for the central frequency wp:

f(re)= iBn,mLGn.m (r,o;w1), (18)

n,m

finding the new expansion coefficients B, m. The relationship between B, and A, can be
derived by comparing (18) with the wavefield at the focus for the central frequency, &wvion,
evaluated int = 0:

i S & . 2fc
Snon (0,1,9,5+ f) o< exp {2(;)((): (1_ f> rz} ZAmm (_|)2n+|m\+1 LGhm (ra¢; Woa)o> , (19

n,m

obtaining that

2fc f

and wp = 2fc/wiap. The ultrashort spatial pulse at the focus is then computed by (8) and
the signal to be codified in the dynamically controllable hologram is found by (6), in both
cases using the coefficients A, m giving by (20). This approach avoids a hard calculation arose
from the iterative algorithms used to solve the inverse problem. Notice that these algorithms
developed for monochromatic light, for example [5], are limited to pulses > 130 fs and they
only compute the instensity distribution at the focus. By the procedure described above, these
limitations are overcomed since the electric field of the ultrashort pulse for any pulse duration
is obtained directly.

In the next section some representative examples of ultrashort spatial pulse shaping at the
focus via complex signals are shown. The space-time dependence of the ultrashort pulse will
be found for s = f. This condition simplifies (20) to Ay o< (—i) 2"~ I™~1B,, . For comparative
purposes, the same coefficients A, m will be used to find the pulses for s = 5f. The parameters
in the simulations are the same than in Section 4.

Anm o< (—i) 27 M=1B, exp [—i“’o (1— S) rz} , (20)

5.1. Spatial top-hat and annular ultrafast beam profiles

Let us create spatial top-hat ultrafast beam profiles at the focus by the method proposed in this
work. This profile was chosen because it has been wide used for material processing applica-
tions [3] and for high harmonic generation [29].

The LG expansion of the spatial top-hat profile of radius a is calculated at the foca plane
considering s = f. This profile has no OAM so that the terms of the expansion with m # 0 are
identically zero. The coefficients By o are shown in the inset of Fig. 4(a) evaluated for a = 1.4
mm and afinite numbers of terms giving by M = 30. Following [11], the beam waist size of the
expansion that better fits the truncated seriesiswi = 255 um, corresponding to the value wop =
150 um at the SLM. Thefinite seriesis obtained by changing the e in the summation operator in
(6) and (8) by thefinite number M. In Fig. 4(a), theideal top-hat (thick gray line) is compared to
thefitting (blueline), while Fig. 4(b) comparesthe signal (thick gray line) at the SLM, obtained
by Fourier Transforming the top-hat function [R (ro, @) o< J1 (woar/cf) / (woar/cf)], to the
LG expansion (blueline) cal culated with wg = 150 um and the coefficients A, y giving by (20).
Notice that the signal in Fig. 4(b) should be encoded in computer generated holograms with
the carrier frequency (not shown on the figure) following the procedure [7, 8]. The normalized
mean square error for the truncated series, em, is[30]

M

21
|u| 2 (21)
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where ||U ||? is the integration of the square modulus of the original function over the whole
transverse plane. The value obtained is e39 = 0.0096 indicating that the fitting deviates from
the original function less than 1%. We obtain a good fitting by M = 30, a reasonable low value
to the method be numerically highly efficient.

(@) (b)
— 1
S ool [ e S os
Zost [sd o o 8'2
2 04 | 2 c
Ll 0.2 0510152025 30 o
ui o A
-1 0.5 0 0.5 1 -0.3-0.2-0.1 0 0.1 0.2 0.3
r/a ro (Mm)

t/7o

(9) )

-1 0 1 -1 0 1
r/a r/a

Fig. 4. (a) Top-hat beam profile (thick gray line) at the focal plane and the LG expansion
(blueline) computed for 31 terms using the normalized coefficients B, o shown in the inset.
The field of the ultrashort pulse evaluated at t = O (red line) also shows a top-hat beam
profile. (b) Signal to be encoded in the computer generated hologram obtained by Fourier
Transforming the top-hat function (thick gray line) and its expansion (blue line) using the
same numbers of terms. Instantaneousintensity of the pulse at the focus as computed by (8)
using the coefficients of the inset for (¢) s = f and (d) s = 5f. In Fig. 4(a) and Figs. 4(c)-
4(d) the axial extents are shown inrelation to theradiusa = 1.4 mm and the parameters are
the samethanin Fig. 2.

Thefield of ultrashort pulsefor t = 0, ascomputed by (8), isshown by thered linein Fig. 4(a).
The spatial profile is represented aproximated by atop-hat function, too. Besides, the temporal
evolution of the intensity of the pulse is displayed in Fig. 4(c), showing that the profile at any
time is an approximated top-hat function although the pulse duration iswidened inr ~ a. This
phenomenon is related to the spectral anomalies [31], that is, each component of the spectrum
at the focal plane is centered at r = O, but the spatia profile is scaled by the value of the
frequency. It is enhanced in points where the field amplitude for the central frequency varies
quickly inits neighborhood, r ~ a. Thisresult in alocal variation of the spectrum that modifies
the pulse duration, as shown in Fig. 4(c). For comparative purposes the intensity of the pulse
for the case s = 5f is shown in Fig. 4(d) using the same coefficients B, o. A spherical arrival-
timeisfollowed by the pulse, but maintains the top-hat spatial profile. It has been demonstrated
that spatial top-hat ultrafast beam profiles can be easily generated by 2D SLMs and computed
efficiently by the LG expansion method.

It is interesting to analyze the top-hat expansion up to M = 30 possessing smaller radius,
a = 70um. In this case, the best fitting beam waist size is wy = 12.7 um, corresponding to
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Fig. 5. (@) Top-hat and annular beam profile (thick gray line) at the focal plane and the
LG expansion (blue line) computed for 31 terms. Thefield of the ultrashort pulse evaluated
att = 0 (red line) shows asimilar profile. (b) Expansion of the signal to be encoded in the
computer generated hologram using the same numbers of terms. Instantaneous intensity of
the pulse at the focus as computed by (8) for (c) s = f and (d) s = 5f. In Fig. 5(a) and
Figs. 5(c)-5(d) the axial extents are shown in relation to the radius a = 350um and the
parameters are the samethanin Fig. 2.

Wo = 3 mm at the SLM. As discussed in Section 4, the behavior of the pulselets with wg = 3
mm for s = f and s = 5f are very similar. The same behavior is then expected for a top-
hat ultrafast beam profile. This statement can be demonstrated by a direct substitution of the
new parameters in (8). Hence, both cases, s = f and s = 5f, are represented by Fig. 4(c) but
normalized by the new valuea = 70 um.

Let us now study a hard spatial function computed by M = 30. This function is composed
by a top-hat with radius a = 350um and a single-annular beam of width a. The best fitting
beam waist size at the focal plane is the same than in Fig. 4, wy = 255um. The results by
performing an equivalent analysis to that performed in Fig. 4, are shown in Fig. 5. A good
fitting (e30 = 0.033) is obtaining by just using 31 terms, even for hard functions with sharp
edges.

5.2. Interference of spatial top-hat ultrafast beam profiles

In above examples the signal was centered on the optical axis of the system, rop = 0. A dis-
placement of the signal by adistance +b from ro = 0 along a transverse axis of the SLM, says
Xo, generates a exp (+iwbx/ fc) phase at the focal plane, in accordance with the shift property
of the Spatial Fourier Transform [23]. This phase term modifies the position-dependent delay
time,

ti(t,r)tstfl(ls>r2ﬁ:bcx. (22)
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The pulse at the focal plane is computed by (8), with the coefficients Ay, being calcul ated
according to Section 5.1, and the pulselets giving by (16) witht, — tﬁ. The temporal evolution
of the intensity as a interference of two spatial top-hat ultrafast beams with a = 1.4 mm, is
shown in Fig. 6(a), while Fig. 6(b) depicts the interference of two top-hats having a size of
a=70um. Intheseplotss = f andb = +1.4 mm.

t/1,
t/1o0

€))

0
x/a x/a

(b)

1 -1 0 1

Fig. 6. Temporal evolution of theintensity as ainterference of two spatial top-hat ultrafast
beams with (a) a= 1.4 mmand (b) a = 70um, for thecases = f andb = +1.4 mm. The
axial extents are shown in relation to the radius a. The parameters are the same than in Fig.
2.

When the top-hat size is large [see Fig. 6(a)], each pulse arrives independently at the fo-
cal plane with opposite incidence angles so that the central position, x = 0, is simultaneously
reached. The parameter b defines the angle of incidence of each individual pulse as well as
the interference pattern in the center of the figure. The lapse of time between the pulses varies
linearly along x in a well-defined fashion. The greatest lapse of time, shown in Fig. 6(a), is
At = 519, although it can be easily changed just by varying the value b in the computer gen-
erated hologram. According to (22), At = 2ba/ fc. In addition, both pulses fully overlap in the
focal plane (but in different times) showing exactly the same intensity along x. These features
can be useful in high precision spatial pump-probe experiments [32] without using delay lines.

On the other hand, it is possible to obtain an interference fringe pattern of constant intensity
using top-hat profiles having small size, as shown in Fig. 6(b). The interference period and
the position of the maximum intensity fringes can be controlled by just changing b and the
relative phase of the signal at the SLM. Furthermore, signals involving the generation of a
large number of pulses can be used to create interference patterns with hard profiles, such as
3 (1+cos” (2 x/A+¢)) dong x and 7 (1+cos” (2 x/Ax + ¢x)) (1+cos™ (2my/Ay + ¢y)) in
the transverse plane. In these expressions A, ¢, n and m, are the interference period, relative
phase, and integers, respectively. Proper choice of n and m can perform subwavelength ablation
patterns of constant depth, controlled by the signal in an approach with no moving parts.

5.3. Pulses with nonstationary orbital angular momentum

In this example, anovel class of ultrashort pulses possessing nonstationary OAM is presented.
Thiskind of pulses could be used in laser-matter interaction to determine the role of the OAM
in electron relaxation and in the early plasma formation among many interesting phenomena
involving this light property. The key to these pulse generation is to encode a signal composed
by LG beams having different OAM and different beam waists, in such away that the intensity
distribution of each LG beam at the SLM do not overlap. This condition ensures that the pul se-
lets neither overlap at the foca plane. If s > f the intensity will have a spherical arrival-time,
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so that first pulselet arriving to the focus will be that possessing the higher waist and, thus,
in latter times, those having smaller waists. The OAM evolves in time from the outside to the
center achieving a global nonstationary orbital angular momentum.
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Fig. 7. (a) Temporal evolution of theintensity at the focal plane by using asignal composed
by the superposition of LGg 5 and LG s modes with wg = 50 and 400 um, respectively.
Transverse intensity evaluated at the snapshotst = —41y (b) and t = 0 (c). The topological
charge jumps fromm = 5tom = —5 asthe pulse evolvesin time.

Figure 7 shows this effect for a signal composed by the superposition of LGgs and LGo 5
modes with wp = 50 and 400 um, respectively, in the approach s = 5f. The ultrashort pulse
is composed by two pulselets arriving at the focal plane in different times [see Fig. 7(a)]. A
detailed analysis of the transverse intensity is displayed in Figs. 7(b)-7(c) for the snapshots
t = —419 and t = 0, respectively. As it can be seen, the topological charge drastically jumps
fromm = 5tom = —5 asthe pulse evolvesin time.

6. Discussion and conclusion

The usefulness of using SLMs to spatial pulse shaping at the focal plane of a convergence lens
(spherical mirror) was presented. To this, the spatial and temporal dependence of the shaped
pulse was found by a physically intuitive and efficient procedure. The signal, encoded in the
computer generated hologram, was expanded in an orthonormal basis composed of Laguerre-
Gaussian modes, in such a way that the pulse at the focus is just the weighted sum of the
propagated LG pulselets. Thus, the signal and the pulse are strongly related by the expansion
coefficients. Closed-form expressions for the LG pulselets were derived taking advantage of a
considerable simplification of the numerical-computational effort. Equation (16) for the Gaus-
sian pulse (n = 0, m = 0) and evaluated for wy = 0 agrees with the well known result [33]. The
pulselets are space-time localized wave packets propagating in free space, different from the
isodifractive ultrashort Laguerre-Gaussian beams previously found [34]. The frequency com-
ponents of the pulse in [34] have the same Rayleigh range, that is not the case for (16). The
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pulselets behavior determines the properties of the shaped pulse allowing for a physically intu-
itive description.

In practice, the expansion was truncated by a finite number of terms whose error can be
easily monitored and controlled by awell-defined error function. It has been demonstrated that
aproper truncation reproduces the signal at the SLM and the wavefield at the focus robustly.

The expansion method was also applied to solve the inverse problem, allowing us to find
the proper signal for spatial pulse shaping without using algorithms to solve the phase retrieval
problem. The expansion method calculates the electric field of the ultrashort pulse at the fo-
cus, even for very short pulses with broad spectral bandwidth. This advance permits to design
complex ultrashort wavefield structures in a very simple manner, such as the ones suggested
in Section 5. Spatial top-hat and annular ultrafast beam profiles were easily generated. The in-
terference of top-hat pulses by just duplicating and displacing the signal at the SLM aong a
transverse axis was aso illustrated showing as a cumbersome problem can be properly tackled
by this method. Top-hat pulses having large spatial size arrives at focal plane independently and
within a lapse of time between pulses varying linearly along x. On the one hand, these results
could be applied in high precision pump-probe experiments without delay lines. On the other
hand, the interference of small size top-hat pulses could create subwavel ength ablation patterns
in an approach with no moving parts.

The analysis of the pulselets, in addition to issues related to the LG expansion, is relevant
since pulses with OAM are implemented recently to optical trapping [35] and to micro and
nano machining [36], leading to unique material responses such as ring shaped structures and
formation of nanocavities [37]. Further research is necessary to determine if the OAM of the
optical vortex pulse could create clearer and smoother processed surfaces and produce chiral
microneedle, as demonstrated in the nanoscale time regime [38, 39]. Femtosecond laser vortex
pulses have also been applied to fundamental studies in laser-matter interaction such as non-
linear effects and filamentation [40-44] and in characterizing topological properties of materi-
als[12]. In most experimental applications the spatial and temporal evolution of the pulses at
the focal plane have not been considered. The assumption of constant pulse arrival time and
duration only works well if the mode effective radius is small enough, no matter the distance
between the SLM and the lens. When this condition is not met, it is possible to design pul selets
in which the arrival time evolves from the outside towards the center (or vice versa), by just
setting the distance between the SLM and the lens to satisfy s > f (s < f). Moreover, a proper
combination of pulselets can create a pulse having a nonstationary orbital angular momentum.
These exotic pulses may also be applied to analyze physica phenomena whose characteris-
tic response-time would be of the order of the pulse duration, such as the electron relaxation
and the early plasma formation, and also, to determine the role of the optical vortex pulse in
the ablation signature. Besides, it would be feasible to control conditions of photoionization
in obtaining new selection rules for application in Laser Induced Breakdown Spectroscopy, as
demonstrated for monochromatic light [45, 46].
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