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Abstract
Ultrashort pulse measurement techniques have been a subject of study and development for many
years, with frequency-resolved optical gating (FROG) presenting a simple to use and reliable solution
for the full characterization of laser pulses [1, 2].
In general, a FROG diagnostic consists of an optical intensity correlation type-setup where two pulses
interact in a nonlinear medium and the spectra of the generated beam is obtained for each delay
between the two beam paths and presented in a 2D contour trace, denominated the FROG trace, from
which the intensity and phase of the pulse can be retrieved.
Second-harmonic generation FROG (SHG FROG) is one of the most commonly chosen setups for
pulsed light measurement and is characterized by a high sensitivity and robustness [3].
In this thesis, the implementation of a compact, light and portable SHG FROG built with LEGO R
modular elements is presented. The setup will be used as a portable diagnostics station capable of
monitoring the pulse length of a 8 mJ, 1 KHz, 35 fs Astrella laser system (Coherent Inc.) at different
optical stages of the VOXEL laboratory at Instituto Superior Tcnico (IST).
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1. Introduction

considering that the shortest reference is the pulse
itself.
This concept is the base of FROG, a FrequencyResolved Optical Gating technique for the
measurement of ultrashort laser pulses in the IR,
visible and UV from a few femtoseconds to many
picoseconds. FROG measures the intensity and
phase in time and frequency of an ultrashort laser
pulse through the spectral retrieval of the nonlinear
interaction between two pulse replicas.
Second-harmonic generation FROG (SHG FROG)
is one of the commonly chosen multi-shot measurement experiments based on light-matter
interactions, with a high sensitivity and robustness, capable of measuring energy-limited pulses,
as low as 1 pJ [2]. SHG FROG is based on a
sum-frequency generation nonlinear effect, denominated Second-Harmonic Generation, deriving from
the creation of a doubled-frequency beam when
two high intensity fundamental frequency beams
overlap in space and time [7].
In this setup, the input beam is split into two with
a beamsplitter. One of the beams follows a fixed

The measurement of ultrashort light pulses has
been a subject of study for many years.
A laser (Light Amplification by Stimulated
Emission of Radiation) has the ability to create
these ultrashort light pulses, and, in its simplest
form, is a cavity constituted by a medium with an
amplification gain G, a partially reflecting mirror
and a totally reflecting mirror where the light does
multiple round-trips with increasing intensity [4].
These pulses can be further intensified after the
laser cavity through Chirped Pulse Amplification
(CPA), a concept created by Donna Strickland and
Grard Mourou, for which they have received the
2018 Nobel Prize in Physics [5].
Such short periods of time are hard to capture
and even harder to measure by comparison with a
shorter event [6].
Typical measurement diagnostics are done on
electronic devices in the nanosecond to picosecond
regime, making it impossible to measure pulses,
for example, in the femtosecond region. The
measurement of such pulses could be possible
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path length to the nonlinear crystal and the other
goes through a path with a delay stage usually
controlled by a motor and a manual delay stage.
The two beams are focused onto the nonlinear
crystal with a lens in a background-free autocorrelation geometry. If phase-matching conditions
are met, the second-harmonic signal is created.
The generated autocorrelation signal is spectrally
resolved with a spectrometer for multiple time
delays between the two paths and presented in
a 2D contour trace (time delay vs wavelength)
denominated FROG trace.
The intensity and spectral phase of the pulse can
be retrieved from the FROG trace through an
iterative retrieval algorithm.
The convergence
of any of the available algorithms applied to the
FROG trace, to the right signal electrical field, can
be achieved with a minimum error by considering
the nonlinear effect of the pulse interaction [2].
Over the years FROG had multiple variations
and new features. The changes always focused
on one of three aspects: beam geometry, e.g.,
Polarization gate FROG and Transient grating
FROG, nonlinear interaction, e.g., SHG FROG
and Third-harmonic generation FROG or retrieval
algorithm, e.g., generalized projections and neural
networks.
A different point of interest is studied in this
dissertation: the inclusion of LEGO R elements
to increase mobility and reduce the effective cost
and weight of a FROG setup with the benefit of
creating an educational device.

tric field over time yields the electric field over frequency, the pulse field can also be characterized by
the Fourier transform of the real electric field defined as
Z −∞
p
ε(ω) =
ε(t)e−iωt dt = S(ω)e−iϕ(ω) (3)
∞

where S(ω) is the spectrum and ϕ(w) is the spectral phase [8].
The spectral phase ϕ(ω) is the phase of each frequency in the waveform and can be described by
the Taylor series around the central frequency w0
as
(ω − ω0 )2 ϕ2
+
2
(ω − ω0 )n ϕn
(ω − ω0 )3 ϕ3
+ ... +
+
3!
n!

ϕ(ω) = ϕ0 + (ω − ω0 )ϕ1 +

n

(4)

ϕ(ω)
with ϕn = ∂ ∂ω
n |ω0 .
Although for a full pulse characterization all
the terms of the phase should be taken into
consideration, only two terms of Equation 4 are
usually considered for the calculation of the pulse’s
temporal width and shape [9].
The second-order phase component ϕ2 corresponds
to a quadratic phase in the pulse, or group delay
dispersion (GDD), found in pulses where there is a
linear frequency variation with time, which may be
originated when a high-intensity pulse propagates
through an optical material. The most common
type of chirp is the linear positive chirp where the
pulse increases its frequency linearly in time, from
red to blue.
2. Background
The third-order phase component ϕ3 corresponds
To understand the concept of ultrashort light pulses to a cubic phase in the pulse, or third order disand how it is possible to measure them, it is nec- persion (TOD), represented by pulses with smaller
essary to review the structure of an electric field. low-intensity pulses after or before the main optical
For simplicity, the electric field can be considered pulse, in the temporal domain.
as linearly polarized, confining the field’s vector to
a single plane [2].
It is common to focus only on the temporal at- 2.1. Pulse Characterization
tributes of the electric field of an electromagnetic The duration of a pulse is usually referred to as the
full-width-half-maximum (FWHM), or the time bewave, described as
tween the two points at half the maximum intensity
1p
i[ω0 t−φ(t)]
I(t)e
+ c.c.
(1) [3]. For a simple Gaussian pulse, centered in zero,
ε(t) =
2
the electric field can be described as
2
where
I(t) is the temporal intensity of the pulse and
−2 ln 2 τ t
p
F W HM
(5)
E(t) = E0 e
I(t) is the real amplitude of the electric field. The
term ω0 represents the central angular frequency, being E0 the height of the peak [4]. In terms of the
corresponding to the wavelength of the pulse and standard deviation σ, the FWHM can be measured
φ(t) is the temporal phase function of the pulse [2]. as
√
The complex electric field can be characterized by
F W HM = 2 2 ln 2σ = 2.355σ.
(6)
p
e ≡ I(t)e−iφ(t) = E(t)e−iφ(t) .
E(t)
(2) When obtaining the duration (FWHM) of the autocorrelation signal, a form factor is applied to the
To analyze these variables in the frequency domain, value, which varies for different pulse shapes. For
and knowing that the Fourier transform of the elec- a Gaussian pulse, the form factor is approximately

2

√
1.4 since the intensity of a Gaussian pulse is 2
times shorter than its real amplitude.
The characterization of a pulse can be presented as
the time-bandwidth product (TBP), which is the
multiplication of the spectral width in frequency ∆v
by the temporal width ∆t and works as a dimensionless figure of merit for pulses. For Gaussian
pulses, the minimum TBP is 0.441 and for sech2
pulse is 0.315. The Fourier-transform limit (FTL)
is a useful measurement of how far a pulse can be
compressed, defined as the shortest temporal duration possible for a given spectral width.

ate a second-harmonic beam by focusing a highintensity beam on a crystal producing a 2ω with
the same direction as the input beam.
However, this can be somewhat of a nuisance if
the intent is to spectrally resolve only the secondharmonic beam. To solve this, a non-collinear geometry is used where the two input beams at an
angle θ are overlapped in space and time in the
medium forming a second-harmonic beam with a
different direction than the output beams at the
initial frequency.
2.4. FROG trace
The signal field for SHG FROG, i.e., the generated
second-harmonic signal can be approximated by

2.2. GDD and TOD
When a FTL ultrashort pulse propagates through
frequency-sensitive material all the frequencies
components of the pulse have different phase velocities, velocities at which the phase of any frequency
component travels, adding a spectral phase quantity and causing a modification on the duration of
the pulse [2, 9].
To characterize how a medium affects the duration
of the pulse it is usual to observe the GDD and
TOD introduced.
The measurement of the pulse broadening when
travelling through transparent media can be calculated with
s

2
GDD
+
∆tout = ∆tin 1 + 4 ln(2) 2
∆tin
(7)

2
TOD
+ ln(2) 4 ln(2) 3
.
∆tin

Esig (t, τ ) ∝ E(t)E(t − τ )

(8)

being E(t) the fixed path replica and E(t − τ ) the
delayed replica [2].
The signal field is spectrally resolved by the spectrometer, which, considering a Fourier-transform
spectrometer, produces the Fourier transform of the
signal field Esig (t, τ ) with respect to time. The
squared magnitude of this signal produces the spectrogram
IFSHG
ROG (ω, τ ) =

Z

2

+∞

Esig (t, τ )e−iωt dt

(9)

−∞

which represents the FROG trace.
Figure 1 shows the full pulse characterization (temporal profile and spectrum) and SHG FROG traces
for typical ultrashort pulses. The first column corresponds to a FTL pulse which presents a flat spectral phase (φ(ω) = 0). The second and third column
present negatively and positively chirped pulses, respectively. In a typical SHG FROG setup, the
sign of the chirp does not affect the FROG trace,
a particular ambiguity of SHG FROG, explored
in more detail in subsection 2.6. The fourth and
fifth columns present, respectively, pulses with SPM
and TOD. To notice that in SPM pulses, the highintensity areas are presented in the borders of the
FROG trace as opposed to in the center.

where ∆tin is the initial FTL pulse duration and
∆tout is the output duration of the linearly chirped
pulse.
The simultaneous cancellation of GDD and TOD
introduced by the optics in an experimental setup
or an amplification process is the main requirement
to obtain ultrashort, few-cycle pulses.
A nonlinear effect which is very often referred to
in FROG measurements is Self-phase modulation
(SPM). SPM is a nonlinear optical phenomena that
affects a high intensity pulse when propagating
through a nonlinear medium resulting in a spectrum
broadening. The effect by itself does not necessarily affect the temporal profile of a pulse however,
combined with GDD or TOD, may increase it’s duration.

2.5. FROG Marginals
Since the FROG trace presents a N × N set of data
that is transformed into a 2N set of the data for
the pulse characterization the FROG trace itself
presents a lot of redundant information [11].
2.3. Second-Harmonic Generation
The integration of the FROG trace with respect to
SHG FROG arises from the nonlinear effect the delay or the frequency axis yields quantities deof second-harmonic generation, a type of sum- nominated marginals.
frequency generation based on the induced dipole The frequency marginal can be obtained by the inmoments inside the medium that happens when a tegration of the FROG trace over the delay varihigh-intensity beam at a frequency ω hits a medium able, and compared with the second harmonic sigcreating a new beam with frequency 2ω.
nal spectrum to validate the central frequency and
In typical collinear setups, it is possible to gener- bandwidth [9]. The delay marginal can be obtained
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of the two possible pulses will be consistent with
both measurements [2].
3. Laboratory Setup
An initial setup with regular laboratory components was installed at the L2 I laboratory at IST.
Its performance was characterized by a commercial
femtosecond Ti:sapphire, Kerr-lens modelocked oscillator (Coherent Mira 900F, pumped by a Verdi
X) delivering 120 fs pulses at 1030 nm.
Considering the size restrictions of the standard 1Figure 1: SHG FROG traces for typical ultrashort inch optics and mounts for such optics, a final base
pulses. The top row shows the temporal profile. footprint dimension for the laboratory implementaThe middle row shows the spectrum. The bottom tion was obtained of 30×30 cm2 . The setup was
row shows the FROG traces. (Purple means high reduced to a 9.5 cm height limited by the vertical
intensity and red means low intensity) (Adapted size of the manual and motorized translation stages
from [10])
available for the setup.
3.1. Methodology
A 3 mm thick broadband Sapphire window splits
the oscillator beam into two. The thickness of the
sapphire avoids unwanted reflections created in the
back surface that may interfere with the results.
The second reflection is easily identified and separated with an iris, avoiding erroneous overlaps.
One of the beams follows a fixed path length composed of two metallic mirrors to the nonlinear crystal while the other goes through a variable length
path with a delay stage controlled by a motor and
a manual translation stage with two metallic mirrors. A minimum temporal resolution of 0.346 fs is
2.6. The FROG Ambiguities
achieved by the motorized translation stage (Standa
SHG FROG has been shown as a robust and sen- 8MT173-DCE2), suitable for existing laser pulse
sitive way to measure ultrashort laser pulses [3]. sources at the L2 I and VOXEL laboratories. The
However FROG, and specially SHG FROG presents two beams are focused onto a 1 mm thick frequencya few ambiguities.
doubling BBO crystal with a 25 mm diameter by a
Concerning the ambiguities related to all variations 4.1 mm thick BK7 lens with a 75 mm focal length in
of FROG, the absolute phase φ0 , i.e., the relative a background-free autocorrelation geometry. When
phase of the optical carrier wave with respect to the the pulses are overlapped in space and time and
pulse envelope, is not measured.
phase-matching conditions are met, a new secondThis data is somewhat irrelevant for the measure- harmonic signal is created through an instantaneous
ment of the duration of the pulses in the dozens of nonlinear response of the medium. This crystal alfemtoseconds regime. The pulse arrival time is not lows the verification of phase matching conditions
measured either, but such characteristic is also not at 1030 nm and the generation of a substantial
relevant when characterizing a pulse by the inten- amount of the second-harmonic signal.
sity and phase [2].
As for the specific ambiguities of SHG FROG, the
obtained FROG trace is symmetrical with respect 3.2. Preliminary Results
to the delay axis leading to a more unintuitive trace. The autocorrelation signal was spectrally resolved
This means that the actual pulse may be the time- for 2028 wavelength points between 184.1 nm and
1094.5 nm. It was measured in 301 delays points
reversed version of the retrieved pulse [3].
The signal of the chirp in a pulse is also not possible with a 3.46 fs spacing between time delays equivato obtain, a problem easily solved by placing a piece lent to a speed of measurement of 10 steps per readof glass in the beam before the beam splitter and ing and with an approximate range of measurement
performing two measurements: one with the glass, of 1 ps and is represented in Figure 3.
and one without. The piece of glass will insert a
The measured FROG trace has a peak intensity
known positive dispersion and introduce chirp to at 516 nm in the visible region of the spectrum
the pulse. Comparing the measurements only one (green) and a symmetric shape.
by the integration of the FROG trace over the frequency axis and is the intensity autocorrelation of
the pulse. This marginal is especially important if
the duration of the pulse is already known since the
expected duration can be compared with the duration of the obtained delay marginal [9, 2].
Combining the analytical comparison of the experimental and retrieved spectrum and the duration of
the delay FROG marginal and the retrieved temporal intensity is a complete and valid method for
pulse retrieval.
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length of 118 fs (FWHM).

Figure 2: Image of the experimental arrangement Figure 4: Experimental temporal profile of the Mira
of the compact SHG FROG installed at the L2 I Oscillator.
laboratory.
The fundamental spectrum, represented in Figure 5, is centered at 1033 nm with a bandwidth of
12.5 nm and a constant spectral phase of approximately 4.5 radians.

Figure 3: Experimental SHG FROG Trace from the
Mira Oscillator.
Figure 5: Experimental spectrum of the Mira Oscillator.

The delay marginal of the FROG trace was calculated from the experimental data and a Gaussian
fit was applied to obtain the length of the pulse
(FWHM). The fitted autocorrelation curve has a
duration of 168 fs corresponding to a 119 fs pulse
assuming a Gaussian shaped pulse, i.e., applying a
1.4 form factor.
The retrieval of the temporal profile and spectrum
of the pulse is performed through the application
of a free FROG software from FemtoSoft Technologies to the experimental trace. A good convergence
was achieved for a 256x256 grid when the FROG
error stagnated after 4000 iterations at G=0.0015,
a small error value for experimental data. The temporal profile, represented in Figure 4, is composed
of a single peak intensity profile with a constant
temporal phase of approximately 0.7 radians and a

The obtained pulses present a time bandwidth
product (TBP) of 0.41, representing a pulse shaped
as a combination of Gaussian and a sech2 shaped
pulses.
3.3. Expected Pulse Broadening
A study was done of the expected pulse broadening effect induced by the dispersion in the optical
components of SHG FROG in the initial laboratory
setup. Since most of the optics are also used in the
final setup, the dispersion was calculated at 800 nm
and 1030 nm.
The pulse duration after propagation through the
setup at the VOXEL laboratory is expected to have
a duration of approximately 39 fs (FWHM), adding
5

an extra 4 fs to the theoretical 35 fs pulse duration.
The pulse duration after propagation through the
setup at the L2 I laboratory is expected to have a
duration of 120.03 fs (FWHM), adding only 0.03
fs from the initial 120 fs duration, which entails a
negligible pulse broadening in these conditions.
4. LEGO SHG FROG
The LEGO composed setup was built and aligned
at the L2 I laboratory and relocated to the VOXEL
laboratory at IST where it was tested with a
commercial femtosecond Ti:sapphire modelocked
oscillator from Astrella (Coherent Inc.) supposedly
delivering 35 fs at 800 nm. According to data
acquired at the time of the measurements, the FTL
pulse of this laser system actually had a FWHM Figure 6: Image of the complete LEGO assembly:
duration of 42.3 fs.
The main LEGO SHG FROG setup combined with
the LEGO alignment block.
4.1. Methodology
The development of the setup started with the construction of LEGO tilted mirror mounts inspired by
the mounts presented by Grady Koch, and followed
with the construction of a lens mounts, a holder
for the crystal’s rotational mount, a beamsplitter
mount and an iris mount [12]. The placement of the
pieces was based on the same schematic design as
the initial laboratory setup, and included the original optics used in the first setup. All of the pieces
were inserted onto a LEGO baseplate.
While aligning the two beam paths, which overlap
in the crystal, it was discovered that the LEGO
tilted mirror mounts did not provide an adequate
tilting resolution nor stability. And since the overlapping of pulses in space requires high precision
methods, these mounts were replaced with regular
kinematic mirror mounts first placed with modular
glue and later screwed into the modular bricks.
The LEGO baseplate did not provide the stability
required for the foundation of a portable system. To
solve this, a 3 mm thick aluminium plate was glued
underneath the baseplate. For additional stability,
all of the mounts were fixated onto the walls of the
setup. For the results presented in this dissertation,
the position of some of the optics was changed to
facilitate phase-matching at 800 nm and an easier
spacial overlapping, however, the original arrangement may be used in the future.
An additional LEGO alignment block was built as
an alternative to regular optomechanical posts and
post holders and to allow for a quick pulse duration
measurement. The two blocks can be used together,
as seen in Figure 6, for a complete pulse characterization without other optomechanical components.

the STAR regenerative amplifier, which is a part of
the Astrella laser system, available at the VOXEL
laboratory.
The number of round-trips inside the cavity of the
regenerative amplifier can be controlled by the user
by changing the periodicity at which the Pockels
cell switches voltage and releases the pulses. After
being released from the amplifier, the pulse, which
had been stretched in time before entering the
amplifier, is compressed to a shorter duration and
much higher energy. To obtain an optimal pulse
duration, the number of round-trips on the cavity
must be so that the final pulse compression is
exactly compensated by the initial pulse stretching.
The FROG trace was obtained for four different delays of the Pockels cell, equivalent to four different
numbers of round-trips in the cavity corresponding
to different pulse intensities and durations and is
represented in Figure 7. It is assumed that the
round-trip time in the cavity is around 10-12 ns,
which results in FROG traces with a increase of 1
round-trip per iteration of the delay.
The spectrum for all measurements was obtained
in 581 delay points with a 3.46 fs spacing between
time delays with a speed of 10 steps per reading
and an approximate range of measurement of 1 ps.
From direct observation of the FROG traces and
comparison with Figure 1, it is possible to assume
that the most compressed state, corresponding
to a lower pulse duration, is obtained for a delay
of 5159.25 ns, corresponding to the bottom left
trace of Figure 7. The FROG traces for the
delays of 5139.25 ns and 5149.25 ns present a
peak intensity at 400 nm with cross shaped traces,
4.2. Final Results
corresponding to pulses presenting possible TOD
The LEGO SHG FROG is used to determine the and GDD, characteristic of pulses which have not
optimal number of round-trips of the input pulse in been correctly compensated at the output of the
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peak intensity profile with a FWHM duration of
74.8 fs, 1.78 times above the FTL.
The spectral profile has a center wavelength of
799.6 nm and a bandwidth of 17.0 nm. The
spectral phase was fitted by a 3rd order polynomial
with the shape of the Taylor series of the spectral
phase, presented previously in Equation 4. This
allowed the extraction of the magnitude of the
GDD and TOD, which are 1165.9 f s2 and 5101.0
f s3 , respectively.
The FWHM duration of the pulse (74.8 fs) is close
to the one obtained with the autocorrelation (delay
marginal) of the FROG trace ([AC] = 107.4 fs),
when assuming a Gaussian shaped pulse (76.7 fs).
The experimental spectral intensity resembles the
retrieved spectral intensity, particularly around the
central wavelength (800 nm). These facts validate
the retrieval process.
The temporal profile and spectrum were retrieved
after 5000 iterations at G=0.02834 for the SPM occurrence (delay = 5169.25 ns) and are represented
in Figure 9.
The temporal profile contains a double peak

Figure 7: Experimental FROG Traces of the Astrella laser for different Pockels Cell delays.
regenerative amplifier. The FROG trace for a delay
of 5169.25 ns, belonging to the highest intensity
measurement, presents a diamond shape with
high-intensity areas on the borders rather than on
the center, corresponding to a pulse with SPM.
This case will be explored later as the temporal
profile and spectrum are analyzed.
The duration of each autocorrelation signal
(FWHM) calculated for the delays 5139.25 ns,
5149.25 ns, 5159.25 ns, and 5169.25 ns was 803.7
fs, 426.1 fs, 107.4 fs and 595.8 fs, respectively. As
expected from the observation of the FROG traces,
the lowest duration pulse corresponds to the delay
5159.25 ns.
The temporal profile and spectrum were retrieved
for the lowest duration pulse (delay = 5159.25 ns)
after 5000 iterations at G=0.0053.

Figure 9: Experimental pulse characterization of
the Astrella laser for a delay of 5169.25 ns.
intensity profile with a FWHM duration of 356.7
fs, 8.43 times above the FTL. The spectral profile
has a center wavelength of 799.4 nm and a bandwidth of 25.28 nm. The spectral phase was fitted
by a 4th order polynomial and the magnitude of
the GDD and TOD are 5078.7 f s2 and 55900.1
f s3 , respectively. The fourth order dispersion was
also retrieved, to evaluate higher order effects, and
presents a magnitude value of 135765.5 f s4 .
When observing the shape of the spectral phase,
Figure 8: Experimental pulse characterization of and comparing with Figure 1, it is quite clear that
the Astrella laser for a delay of 5159.25 ns.
the retrieved spectral phase does in fact coincide
with a pulse with SPM, even thought the spectral
The temporal profile is composed of a single intensity does not present a double pulse topology.
7

Considering that measurements for this delay
correspond to the highest number of round-trips in
the amplifier, and that each round-trip adds GDD
and TOD to the pulse due to the double passage
through the optics in the system, it is possible
to deduce that, for this measurement, the pulse
presents a positive chirp.
4.3. Effect of Absorptive Filters
To avoid saturation in the spectrometer when performing the measurements, absorptive filters had to
be used at the input of the setup. However, the filters available at the VOXEL laboratory do not perform an homogeneous absorption around the central
wavelength (800 nm). Observing the transmission
data for one of the filters used in the measurements,
it was concluded that, for a 800 nm pulse with a
20 nm bandwidth, the lower wavelengths have a
higher transmission than the higher wavelengths,
which could produce an incorrect spectrum, ultimately leading to false results.
To verify this was not occurring, the spectrum was
obtained for five different filter configurations and
it was gathered that, for 800 nm, all of the filter
configurations seem to present the same response.

Figure 10: Experimental FROG Traces from the
Astrella laser for different diffraction gratings positions.
pulse with the optimised duration and are represented in Figure 11.

4.4. Optimal Compression Point
It is demonstrated the use of the LEGO SHG FROG
to determine the optimal compression point for
which the pulse duration is the lowest possible. The
stretcher/compressor section of the laser contains a
controller which allows the movement of the diffraction gratings. The change in position of the gratings will allow the dispersion management and simultaneous cancellation of GDD and TOD of the
laser pulses. An iterative process was performed by
measuring the pulse duration at multiple controller
positions.
The FROG trace for the initial position, the longest
pulse duration, and the lowest pulse duration are
represented in Figure 10. From direct observation
of the FROG traces, it is possible to see how for
the worst iteration a cross shaped trace seems to
appear, confirming the presence of GDD and TOD.
On the other hand, the FROG trace for the optimal
position seems to be the cleanest and most compressed shape yet. To confirm the change in pulse
duration, the delay marginals of the three FROG
traces were calculated. The obtained autocorrelation durations (FWHM) for the three measurement
were, 72.7 fs, 114.3 fs and 183.6 fs for the optimal
position, the initial position, and the worst iteration, respectively. As expected the lowest duration
pulse corresponds to the bottom row FROG trace
of Figure 10.
The temporal profile and spectrum of the pulse were
retrieved after 5000 iterations at G=0.0050 for the

Figure 11: Experimental pulse characterization of
the Astrella laser for the optimized position of the
diffraction gratings.
The temporal profile is composed of a single
peak intensity profile with a FWHM duration of
45.2 fs, a value 1.07 times above the FTL. The
spectral profile has a center wavelength of 799.7
nm and a bandwidth of 19.6 nm. The spectral
phase was fitted by a 3rd order polynomial and
the GDD and TOD magnitudes are 482.8 f s2 and
18236.2 f s3 , respectively.
The pulse presents a TBP of 0.414, a value below
the minimum TBP of a Gaussian pulse, which
8

f s3 TOD with the YAG insertion, which is in the
same order of magnitude of what was expected.
It is possible to conclude that, for this position of
the diffraction gratings, and from the increase in
duration and in GDD and TOD, the pulse presents
a positive chirp.

could mean that the pulse is not perfectly Gaussian
shaped and could present sech2 shape characteristics.
The FWHM duration of the pulse (45.2 fs) is close
to the one obtained with the autocorrelation (delay
marginal) of the FROG trace ([AC] = 72.7 fs),
when assuming a Gaussian shaped pulse (51.9 fs).
The experimental spectral intensity resembles the
retrieved spectral intensity, particularly around the
central wavelength (800 nm). These facts validate
the retrieval process.

5. Economical and Portability Analysis
To validate the mobility of the setup and verify if
there is a cost decrease of the setup, a weight and
cost analysis was performed. This analysis was performed considering all of the materials used in both
setups during the course of this dissertation, excluding the ones required for beam alignment. The
prices for most of the components presented were
obtained from the ThorLabs website. The spectrometer was not included in the list of components
as it is considered a common device in laser facilities. The final price and weight are not binding
since both setups could be built in multiple ways,
with different materials and quantities.
The motorized translation stage is presented as the
most expensive component of the whole analysis.
The extremely high accuracy of the model used was
very helpful but not extremely necessary. A less expensive model could be used.
The LEGO SHG FROG is the less expensive
(3102.63 ¤) and lightweight (3.5 kg) solution, with
a price reduction of 14 % and a weight reduction
of 55 % when compared to the regular SHG FROG
which costs 3590.66 ¤ and weights 7.79 kg.

4.5. Effect of YAG
The diagnostics setup was used to evaluate the
dispersion when an ultrashort pulse propagates
through a common optic and how such dispersion
allows the understanding of the signal of the chirp
in a SHG FROG setup.
A common optical material, such as YAG, adds a
positive amount of GDD and TOD to a propagating
ultrashort pulse, which depends on the thickness of
the material. In the case of a pulse with negative
chirp, this propagation could actually compress the
pulse and decrease it’s duration.
A few windows of YAG with different thicknesses
were inserted at the input of the setup. At the time
the diffraction gratings were positioned in an arbitrary point which has also been characterized.
From direct observation of the FROG traces, it is
seen how the frequencies gradually spread in time as
the thickness of the material increases. It is possible
to assume that, for this position of the diffraction
gratings, the duration of the pulse increases with
the material thickness, which could mean the pulse
already presented a positive chirp before YAG insertion. The expected increase of GDD and TOD
with a 5 mm window of YAG at 800 nm is 492.25
f s2 and 282.95 f s3 , respectively.
The temporal profile and spectrum were retrieved
for the initial position, and for a 5 mm YAG insertion. As expected for a pulse presenting positive
chirp, the pulse duration increases with material
thickness when propagating through 5 mm of YAG
presenting a FWHM duration of approximately 56
fs, an extra 8 fs from the initial pulse duration (48
fs).
The spectral profiles for the no YAG insertion and
5 mm YAG insertion, have center wavelengths of
799.6 nm and 800.6 nm and bandwidths of 23.2 nm
and 23.5 nm, respectively. The spectral phases were
fitted by a 3rd order polynomial and the magnitudes
of the GDD and TOD, for the no YAG insertion,
are 581.2 f s2 and 18895.1 f s3 , respectively. For the
5 mm YAG insertion the magnitudes of the GDD
and TOD are 949.9 f s2 and 19783.9 f s3 , respectively.
There was an increase of 397 f s2 in GDD and 889

6. Conclusions
In the present work, it was discussed the inclusion
of LEGO in a SHG FROG setup for the creation of
a portable diagnostics station capable of monitoring the pulse length at different optical stages.
The development began with a compact laboratory
version and overall the obtained results of a single peak intensity profile with a constant temporal
phase and a duration of 118 fs (FWHM) and a 12.5
nm bandwidth spectrum centered at 1033 nm were
in close proximity with the expected characterization of the Mira oscillator.
It was demonstrated the GDD increase is negligible for the Mira oscillator but disrupts significantly
the theoretical 35 fs pulses delivered by the Astrella
laser, adding a total of 4 fs to the FWHM duration
of the pulse.
The LEGO SHG FROG was used to determine the
optimal delay for the Pockels Cell. The results
showed a lower pulse duration for a delay of 5159.25
ns. The FROG trace for a delay of 5169.25 ns
presented clear signs of SPM. The retrieved spectral phase also presented the shape of a pulse with
SPM, which confirmed the obtained trace. The exact source of this effect is currently under investigation, and maybe related with the laser cavity.
9

However, it is possible to conclude that the source
of SPM does not lie with the usage of an optical
fiber, since in every measurement precautions were
taken to make sure saturation would not occur, the
FROG trace with SPM did not present the highest intensity areas at the maximum pulse overlap,
and the second-harmonic signal had such a harmless intensity that collimation lens were used to help
with the measurement. An extensive study, with a
higher delay range of measurement should be performed.
The lowest duration of the diffraction gratings was
found at 45 fs (FWHM), 1.07 times above the FTL
which is a great value for pulse compression. The
pulse duration optimization with the setup from 77
fs to 45 fs was found to be a great achievement
which will allow for better results of all experiments
at VOXEL.
The GDD and TOD were calculated for every important measurement taken. As expected, there
was an increase in GDD and TOD from the measurement with the delay 5159.25 ns to the one with
SPM at the delay 5169.25 ns, possibly from the extra double propagation through the optics in the
cavity. In the movement of the diffraction gratings
the worst iteration produced a pulse with a higher
GDD than the one in the optimal position, as expected from a less compressed pulse.
The insertion of a 5 mm thick piece of YAG in the
setup gave a better insight into how to obtain the
sign of the chirpness of a pulse. There was a increase
of 397 f s2 in GDD and 889 f s3 TOD with the YAG
insertion, which is in the same order of magnitude
of what was expected and calculated theoretically.
An economic analysis was performed comparing the
total price of the laboratory setup with the price of
the setup built with LEGO and a 14 % value reduction was observed. Although the total price of
the LEGO SHG FROG is still quite high for lowfunding schools (3102.63 ¤), a few alterations could
be performed, e.g, removing the manual translation
stage and choosing a lower precision motorized delay stage which would not compromise the setup.
The weight was also evaluated as a way to confirm
the increase in mobility and a decrease of 55 % was
obtained, which was a great achievement and allows
for a completely mobile setup.
The development of a SHG FROG with LEGO elements presented a few difficulties which could limit
the usage of this method for further increasing the
mobility in other types of experiments. Overall
the introduction of LEGO elements in an optical
setup could be an added bonus to an already built
setup for a decrease of weight and cost. However,
it should not completely overtake an optical setup,
especially when high precision experiments are considered since the LEGO pieces alone do not provide
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adequate resolution nor stability.
In future work it would be interesting to replace the
multi-shot SHG FROG setup by a single-shot setup
and to understand more in depth how the controller
for the diffraction gratings works. An addition to
this experiment would be to analyze the origin of
the SPM effect in the measurements.
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