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Characterization of ultrashort laser pulses: towards a cost-effective solution

by Jodo P. S. RODRIGUES

Ultrashort pulses in the femtosecond (10~ °s) or even attosecond (10~ '8s) regimes are
of the utmost importance in many applications of modern science. However, even if one
has a laser system capable of generating such short pulses, these bursts of energy are
impossible to control and characterize using conventional techniques.

The d-scan products by Sphere Ultrafast Photonics are capable of fully retrieving the
electric field of such pulses, enabling their compression down to the so-called Fourier
limit. The technique has been used in many fields of research, including to achieve single-
cycle pulses down to 2.2 fs. The work performed in this thesis aimed to develop custom
devices which are essential for the d-scan technique.

Firstly, we designed PCBs capable of integrating a trigger signal in the d-scan products
to synchronize the acquisition of the spectrometers with the pulses of low repetition rate
lasers. These boards achieved opto-isolation of the input signal, conversion of this signal
to adequate voltage levels (from TTL to LVTTL) and enable the control of an LED through
the GPIO pins on the spectrometers. The PCBs have already been used to implement
the trigger feature in multiple d-scan devices, proving the success of the development
process.

We then developed a high precision translation stage to be used with the glass wedge
pair required for the d-scan technique. This device was thoroughly tested using a Michel-
son interferometer to characterize the minimum step length (250 nm), which was shown
to agree with the expectations with a 7.46 % error. The device also shows a standard
deviation from the average step length of 23.5 %, when using the smallest possible step
length, which is not expected to translate into larger step sizes such as the ones used dur-

ing a d-scan measurement (~100 um). This was later confirmed by performing several of
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these measurements on a 7 fs Ti:Sapphire laser and observing that the retrieval algorithm
provides consistent results for the RMS error (2 %), pulse width (~8.6 fs) and pulse peak
power (>95 %). The production cost goal of 500 € was also achieved.

Finally, we developed a high resolution Indium-Gallium-Arsenide spectrometer, in
the near-infrared wavelength range. This device was tuned to have a 3nm resolution
for the spectrum of a 1064 nm DPSS laser, demonstrating a signal strength of ~80 % of
saturation at an integration time of 100 us. A wavelength calibration of the device was
them performed resulting in an R? of 0.99998 and a spectral range of [950.5 — 1722.5|nm.
The device was then calibrated in terms of intensity with the help of a white light lamp.
By measuring the spectrum of a Mercury vapor lamp, we showed that the 3 nm resolution
holds across the whole spectral range of the device. Spectra acquired by the developed
spectrometer were also shown to be in agreement with the data obtained using a state of
the art InGaAs spectrometer. The two devices are shown to have similar resolutions, with
the developed one having a spectral range approximately 35 % larger than the commercial
product. It is also worth noting that this is a highly compact device with a total size of
120mm x 75 mm X 47 mm. Besides that, the production cost of the device was kept under

the set budget of 3500 €.
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Caracterizacao de impulsos laser ultracurtos: estudo de soluc¢oes de custo acessivel

por Joao P. S. RODRIGUES

Impulsos ultracurtos no regime do femtossegundo (10~1%s) ou até mesmo do attose-
gundo (10~ !8s) sdo da maior importancia em diversas aplicacdes da ciéncia moderna. No
entanto, mesmo que um sistema laser seja capaz de produzir estes impulsos, estas raja-
das de energia sdo impossiveis de controlar e caraterizar através de técnicas de medida
convencionais.

Os produtos d-scan da Sphere Ultrafast Photonics sdo capazes de recuperar na inte-
gridade o campo elétrico destes impulsos, permitindo a sua compressao até ao chamado
limite de Fourier. Esta técnica tem sido usada em mdultiplos campos de investigacao,
incluindo na geragdo de impulsos de um tinico ciclo 6ptico, com 2.2 fs de duragdo. O pre-
sente trabalho tem como objetivo o desenvolvimento de dispositivos especificados para
uso com a técnica d-scan.

Primeiramente, foram desenhadas PCBs capazes de integrar um sinal de disparo nos
produtos d-scan para a sincronizagdo da aquisigdo dos espectrémetros com impulsos de
lasers de baixa taxa de repeticdo. Estas placas permitem o isolamento 6ptico do sinal
de entrada, a conversdo do sinal para niveis the tensdo adequados (de TTL para LVITL)
e o controlo de um LED através de um pino de GPIO dos espectrémetros. As PCBs ja
se encontram instaladas em alguns produtos d-scan, provando assim o sucesso do seu
desenvolvimento.

De seguida, foi desenvolvida uma carruagem de translacdo de alta-precisdo para ser
usada com um par de cunhas de vidro na técnica d-scan. Este dispositivo foi caraterizado
com um interferémetro de Michelson de modo a verificar o comprimento de passo mi-

nimo (250 nm), o qual foi demonstrado estar em concordancia com a expectativa com um
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erro de 7.46 %. O dispositivo mostra, também, um desvio padrdo do tamanho de passo
médio de 23.5 %, quando o passo minimo é usado, o que ndo é esperado que aconteca
para tamanhos de passo superiores, como no caso de uma medic¢do d-scan (~100 um).
Esta espectativa foi confirmada através de medidas de um laser de Titanio-Safira de 7 fs
e observando que o algoritmo d-scan retorna resultados consistentes em termos de erro
RMS (2 %), largura de pulso (~8.6 fs) e poténcia de pico (>95 %). O objetivo para o custo
de produgdo de 500 € foi também atingido.

Finalmente, desenvolveu-se um espectrémetro de Indio-Galio-Arseneto de alta reso-
lucdo, na gama de comprimentos de onda do infra-vermelho préximo. Este instrumento
foi ajustado até se obter uma resolugdo de 3 nm no espectro de um laser DPSS de 1064 nm,
demonstrando um nivel de sinal de ~80 % da saturacdo a 100 us de tempo de integra-
cdo. O dispositivo foi calibrado em comprimento de onda, obtendo-se um R? de 0.99998
e uma gama espectral de [950.5 — 1722.5|nm. Foi, também, obtida a calibra¢do do ins-
trumento em intensidade, usando uma lampada de luz branca. Ao medir o espectro de
uma lampada de vapor de Merctrio, demonstrou-se que a resolu¢do de 3 nm mantém-se
constante ao longo de toda a gama espectral. Demonstrou-se que espectros adquiridos
pelo espectrémetro desenvolvido encontram-se em concordancia com os obtidos com um
espectrometro de InGaAs de referéncia. Os dois dispositivos demonstram resolucdes da
mesma ordem, sendo que o espectrémetro desenvolvido possui uma gama espectral cerca
de 35 % maior do que o produto comercial. E importante notar que o dispositivo desen-
volvido é extremamente compacto com um tamanho total de 120 mm x 75mm x 47 mm.
Para além disso, o custo de producédo deste dispositivo foi mantido abaixo do or¢camento

de 3500 €.
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Chapter 1

Introduction and Motivation

Ever since the invention of the first laser, almost 60 years ago, the technology has been ap-
plied to numerous areas in science, technology and even day-to-day life. However, lasers
have come a long way from the three-level Ruby system developed by Maiman in 1960
[1]. Today, with the advent of ultrafast lasers, with pulse lengths of the order of the fem-
tosecond (1071%s) or even attosecond (10~ '8s), lasers are at the cutting edge of scientific
development in areas such as atomic, molecular and solid-state physics. Furthermore,
these ultrashort pulses have many industrial applications in micro/nano-fabrication [2]
and in the area of medicine [3].

To make full use of the advantages provided by such short pulses, one must correctly
characterize them. For this, the d-scan technique (short for dispersion scan) invented by
M. Miranda et al. [4] at the University of Porto and Lund University, and further de-
veloped by Sphere Ultrafast Photonics, allows for the correct retrieval of the pulses phase
and thus characterize and optimize them both in duration and peak power. The technique
achieves this by performing an indirect measure of the pulses, introducing increasing
amounts of a dispersion-characterized optical glass and measuring both the fundamen-
tal and the second-harmonic generation spectrum of the pulse at each thickness step. A
computer algorithm is applied to the data and the electric field of the pulse is calculated
for each of the insertion steps.

This masters thesis was developed as a project in Sphere Ultrafast Photonics with the
aim of achieving a low-cost adaptation of the d-scan product by custom designing some
of the devices required by the technique. To do so, we aim to develop a high precision
translation stage to be used in the scanning process of the technique and a near-infrared

(NIR) Indium-Gallium-Arsenide (InGaAs) spectrometer to acquire the spectrum of the
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light sources measured by the technique. Furthermore, we also designed custom PCBs
to implement triggering capabilities on the d-scan products for synchronization with low
repetition rate lasers.

The present document aims to walk the reader through the development process of
those devices and is organized as follows. Chapter 2 begins by introducing the physics of
ultrashort laser pulses, the technical characteristics behind their generation and how they
can be controlled using the d-scan technique. Then, an overview of the technical aspects
behind developing both a high precision translation stage and an InGaAs spectrometer
are presented, together with an analysis of existing commercial products that fit the same
purpose as those two devices. Chapter 3 goes through the design of a custom PCB to
integrate the trigger feature in a d-scan product. Chapter 4 details the development of
the high precision translation stage, presenting the results of using this stage in interfero-
metric measurements and with the d-scan technique. Chapter 5 describes how an InGaAs
spectrometer was designed and developed, demonstrating its use in acquiring spectra
of different light sources in the near-infrared region. Finally, Chapter 6 summarizes this

thesis and presents an outlook on the obtained results.



Chapter 2

State of the Art

2.1 Ultrashort Lasers

The aim of this first section of this dissertation is to introduce the reader to ultrashort
pulsed lasers by going through the theoretical description of such pulses, explaining the
technical characteristics that make such a pulse achievable by a laser and by discussing

the application of such devices.

2.1.1 Ultrashort Pulses Description

An ultrashort pulse can be represented either in the time or spectral domain, which are

related through the Fourier transform,

0(w) = F{U()} = / U(t)e i dt 2.1)
() = F 1T (w)} = % [(@)etde 22)

where,
U(w)=U0"(-w) (2.3)

since U(t) is a real quantity.
Furthermore, a pulse can be described by an envelope (low frequency phase variation)

and a carrier (high frequency), in the time representation,

U(t) = R{U)?0 ) = R{A(HE} 2.4
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where A(t) is a complex quantity whose phase varies much slower than the carrier
frequency [5]. Furthermore, the pulse can also be represented, in the spectral domain, by

a spectral envelope and a phase,

U(w) = |U(w)]e ). (2.5)

This representation is of extreme usefulness when dealing with linear optics since

most effects can be easily described in the frequency domain.

2.1.2 Spectral Phase

Understanding the spectral phase, ¢(w), in Eq. 2.5 is paramount in achieving the shortest
possible pulses. Since one can obtain the electric field as a function of time by Fourier
transforming the spectral domain pulse (Eq. 2.2), applying a phase to the pulse in the
spectral domain is equivalent to a change in the shape of the pulse in the time domain.
The spectral phase is usually described by a Taylor series expansion around a central

frequency wy,

1 1
P(w) = do + Po(w — wo) + 3¢5 (@ — wo)? + 214" (w — wo)” + .. (26)

where ¢, ¢y and ¢}’ are, respectivelly, the first, second and third-order partial deriva-
tives of ¢ in respect to w, at w = wy.

The first term of the expansion, ¢y represents the absolute phase of the pulse and is
relevant when dealing with few-cycle pulses. The linear phase term, ¢y, is called the group
delay and represents a delay of the pulse in the time domain, relative to a certain reference
time. Since, often, a reference of the pulse arrival time is not available, this term is usually
ignored.

Thus, even though every term of the expansion is relevant when dealing with few-
cycle pulses, here we will only be interested in the expansion terms from the second order

forwards, which affect the shape of the pulse by a process called dispersion.

2.1.3 Dispersion

In general, when a pulse is propagating through a material, the carrier and the envelope
do not travel at the same velocity and neither do all the frequencies in a broad bandwidth

light source - usually, longer wavelengths travel faster than shorter ones (in the frequency
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band often described as having normal dispersion). An ultrashort laser is an example of
such a light source. Thus, we need to take into account the phenomenon of dispersion
in order to obtain the shortest pulses possible, since this effect leads to a reshaping (and
often a stretching) of the pulse in the time domain.

The second order coefficient of Eq. 2.6, ¢/, is called the group delay dispersion (GDD)
and is the first term of the expansion to contribute to dispersion of the pulse. GDD in-
troduced by a certain material can be estimated by computing its wavelength dependent
index of diffraction, n(A), and taking its second-derivative at the wavelength of choice.
This value can then be used to estimate the effect of a certain amount of the material on
a pulse traveling through it. Particularly, one can use this information to estimate the
change in pulse width. Since the effect of GDD on a broadband pulse is to effectively lag
some wavelengths relative to the others, any amount of non-zero GDD that the pulse has
will affect its temporal width. This becomes increasingly important the shorter the pulses
due to the larger bandwidth required to generate them (see Sec. 2.1.4).

The third order coefficient, ¢, is the third-order dispersion (TOD) which results from
the frequency dependence of the GDD and also deforms the shape of the pulse. Finally,
when dealing with ultrashort pulses, with duration less than ~30fs, it is of extreme im-
portance to compensate the dispersion introduced by not only GDD but also TOD and
FOD (fourth-order dispersion).

2.1.3.1 Dispersion Compensation

To compensate for the dispersion phenomenon, we can use certain elements and optical
configurations which introduce what is usually described as "negative" dispersion. Us-
ing these assemblies we can obtain the opposite effect to the one introduced by normal

dispersion - shorter wavelengths will now travel faster than longer ones.

Gratings and Prism Compressors

The first method used to obtain negative dispersion is a grating compressor such as the
one in Fig. 2.1 [6]. This technique allows for a high degree of negative dispersion to
be introduced while keeping the design fairly compact. This method of compression is
still widely used in chirped pulse amplification (CPA) systems, whose authors (Ref. [7])
received the 2018 Nobel Prize in Physics. However, a grating compressor is less efficient

than a chirped mirror compressor (see below) [8].
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Dispersion compensation can also be obtained by using a prism compressor (Fig. 2.2).
This technique introduces less losses since the prisms can usually be used at Brewster
angle. However, there is an intrinsic dispersion introduced by the glass in the prisms,
which limits the amount of dispersion compensation achievable with the technique. Fur-
thermore, larger distances are required between the prisms to achieve the same amount
of negative dispersion as with a gratings compressor, thus the use of a prism compressor

implies a loss of compactness.

Chirped Mirrors and Wedges Compressors

Another type of dispersion compensation can be obtained by the use of multilayer coat-
ings, forming a chirped mirror [9]. These elements present a high reflectivity (> 99.5%
over an 80 THz frequency range) and a nearly constant negative GDD, which can be ad-
justed to compensate a certain amount of a reference material (e.g. 1.5 mm of Fused Silica
glass [10]). These mirrors are also usually manufactured in matched pairs which cancel
each other’s residual GDD oscillations.

The principle of operation of a chirped mirror is that each wavelength penetrates a
different number of layers inside the mirror, thus being delayed a certain amount. In
order to compensate for normal dispersion, it is desirable that longer wavelengths are
delayed relative to shorter ones (Fig. 2.3). When using a pair of chirped mirrors to that
effect, one must also take into account the mirrors’ efficiency band which is normally
limited to some hundreds of nm.

This kind of mirrors can be used in a configuration such as in Fig. 2.4 to introduce
a certain amount of dispersion. The mirrors are specified to compensate for a certain
amount of dispersion per bounce. Thus, the mirror pair can only introduce a discrete

amount of negative dispersion which does not provide sufficient resolution to compensate



2. STATE OF THE ART 7

x
Ui :

1
—

FIGURE 2.4: Chirped mirror compres-
. ‘ sor (M1, M4-M?7) used in Ref. [13]
FIGURE 2.3:  Chirped mirror to achieve 11 fs pulses from a Kerr-lens

schematic from Ref. [12]. Negative mode-locked Ti:sapphire laser.
GDD is introduced if A; < Ay < Aj.

for an arbitrary amount from a general ultrashort laser. To overcome this issue, a pair of
glass wedges can be used to introduce a much smaller amount of normal dispersion on a
negatively chirped pulse, thus compressing it even further. This setup introduces what is
usually called a chirped mirror and glass wedges compressor which is widely used when

dealing with state of the art few-cycle lasers [4] [11].

2.1.4 Ultrashort Pulses Generation

The most common lasers operate in what is called the continuous wave (CW) regime.
These lasers typically emit at a very specific monochromatic wavelength, continuously in
time, and can operate on one or multiple cavity modes [14] [15] [16].

On the other hand, for a laser to produce ultrashort pulses, several other conditions
must be met. Firstly, such a laser requires a large gain bandwidth, which, taking into ac-
count the uncertainty principle [17], determines the so-called Fourier limited pulse with
the shortest possible duration. This wide bandwidth can be achieved by using a laser
medium such as Titanium-doped Sapphire, which is used in many state of the art ultra-
short lasers [18] [19] [20]. However, a broad gain bandwidth alone is not sufficient in
obtaining short pulses in time since, typically, such a laser will still only emit in a narrow
bandwidth around the cavity mode with the highest gain. Thus, the phase of the multiple
modes needs to be synchronized so that they constructively interfere and generate a well
defined pulse in time.

Most modern Ti:sapphire lasers achieve this synchronization using a mechanism known
as Kerr-lens mode-locking (KLM). This method takes advantage of Kerr-lensing, which
occurs due to a change of the refractive index of the laser medium across the beam profile

of a Gaussian beam, if there is sufficient intensity in the crystal [21]. This effect introduces
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a temporary lens in the gain medium which self-focuses the laser beam. By aligning the
cavity to achieve an overlap between the pulse and the pump region on the gain medium,
the Kerr-lensing effect functions as a soft-aperture which introduces higher losses on the

CW mode, thus making the laser favour the mode-locked regime [22].

2.2 Ultrashort Laser Pulse Characterization Techniques

In order to develop and reliably make full use of ultrashort laser pulses, it is often ex-
tremely important to characterize said pulses correctly. However, no instrument is ca-
pable of directly measuring events on the short time scale of the femtosecond or even
attosecond achieved by these laser systems. Thus, indirect measurements must be per-
formed to characterize, mainly, the duration and peak power of the pulses.

The first techniques to appear were based on nonlinear autocorrelation of the pulse.
The method consists on splitting the pulse in two lines and introducing a time delay in
one of them (using, for example, a Michelson interferometer setup). Then, the second
harmonic of the recombined pulse is generated and its average power is measured as a
function of the introduced time delay (see discussion in Ref. [23]). Although interferomet-
ric autocorrelation contains information on the pulse chirp and, consequently, bandwidth,
it fails to provide information about the pulse phase and can only provide a good estimate
of the temporal duration if the pulse is perfectly Gaussian.

Improvements to these measurement techniques were made in 1993 with the introduc-
tion of the frequency resolved optical gating (FROG) technique [24]. FROG expands on
the interferometric autocorrelation by also employing beam splitting and time delay (thus
requiring interferometric precision) and measuring not only the average power of the re-
combined pulse but also its frequency spectrum. Thus, we obtain a measure of the pulse
spectrum as a function of the introduced time delay, which is related to the spectrogram of
the pulse. From this two-dimensional plot - also called a FROG trace - the pulse intensity
and phase can be retrieved through a two-dimensional phase-retrieval algorithm. Fur-
thermore, the FROG trace itself provides additional information on the pulse, such as the
length of the trace along the time delay axis providing an indication of the pulse width.
On the other hand, FROG has ambiguities related to the TOD of the signal and is not
able to determine if the pulse has a pre or post-pulse, which is of major importance when
handling ultra-high intensity laser systems. There are also many variants of the FROG

technique available such as single-shot versions which require higher pulse energy [25]
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and collinear geometries that provide increased bandwidth and additional information
that is helpful in validating the measurement results [26][27].

Spectral phase interferometry for direct electric-field reconstruction (SPIDER) [28] has
also been developed to characterize ultrashort pulses. The technique relies on spectral
shearing to overcome the intrinsic need to provide a reference to a linear interferometric
measurement in order to retrieve absolute phase information. Thus, SPIDER splits the
original pulse in two replicas: one which will then be further divided into another replica
and delayed in time by a certain amount, T, and one which will be chirped. These replicas
are then recombined such that each of the two non-chirped replicas interfere with differ-
ent, essentially monochromatic, spectral sections of the chirped replica, applying a spec-
tral shear, (2, to the pulses. The recombined pulse is then upconverted in a sum-frequency
generation crystal and the spectral interferogram is recorded with a spectrometer. All
that remains is to relate the interference fringes to the phase of the pulse, by applying a
retrieval algorithm. The first step is to Fourier transform the interferogram into the time
domain which will return a series with components centered at t = 0, £7. Then, a filter is
applied to isolate only the component centered at 7. The remaining signal is inverse trans-
formed back into the spectral domain. By taking the phase of this signal, 6(w) and using
a calibration trace, the term associated with the delay between the two interfering repli-
cas can then be removed. We thus obtain the relative phase difference between frequency

components separated by (2 from which the phase, ¢(w), can be obtained by integration,

O(w) =¢(w) = 9w — Q). 27)

It is important to notice that the SPIDER technique is highly sensitive to spectral
"holes" - regions of zero spectral intensity. Specific approaches must be used to deal
with those cases, such as described in Refs. [29] and [30]. The technique also intrinsi-
cally requires high spectrometer resolution in order to resolve the interference fringes.
There are, however, several SPIDER based techniques that reduce the spectrometer res-
olution demand such as spatially-encoded arrangement SPIDER (SEA-SPIDER) [31] and
two-dimensional spectral shearing interferometry (2DSI) [32].

More recently, in the early 2000s, a new technique based on phase scanning introduced
a new paradigm in the area. The multiphoton intrapulse interference phase scan (MIIPS)
[33] consists in applying known spectral phase curves to a pulse and using nonlinear

detection to correct the original phase of the pulse. Passive elements such as gratings
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or prism compressors can be used to apply the known phase curves. However, a more
typical implementation of MIIPS uses a pulse shaper as the active element which controls

the introduced phase. Considering an ultrashort laser pulse in the spectral domain,

U(w) = |U(w)]e?) 2.8)

and applying a spectral phase ¢(w), it is straightforward to see that the SHG signal
of the pulse will depend on both the original phase, ¢(w), and the introduced phase,
¢(w). It can also be shown that a maximum SHG signal is obtained for a pulse with a
flat phase. Thus, one can experimentally determine what introduced phase at a frequency
w maximizes the SHG signal at frequency 2w. However, the MIIPS approach does not
completely determine the original phase of the pulse in a single calculation. Because of
this, one has to iteratively acquire a MIIPS trace, use the pulse shaper to compensate
for the phase of the pulse and repeat this process until a flattening of the pulse phase is
obtained. Besides that, the MIIPS technique is not able to retrieve the phase of the pulse
when spectral holes are present.

A new technique was presented in 2011, the d-scan (short for dispersion scan) [4].
The method borrows from the MIIPS idea of performing a phase scan but uses passive

elements to introduce the scanning spectral phase, instead of employing a pulse shaper.

2.2.1 d-scan

The d-scan technique [4] aims to retrieve the spectral phase of an ultrashort laser pulse
making use of a chirped mirror and glass wedges compressor and a SHG crystal. Since
these passive elements are already widely used in many ultrashort laser systems, the tech-
nique requires only the addition of a SHG crystal and a precise control of the wedges posi-
tion. Thus, the alignment is also very straightforward since the technique does not require
any beam-splitting or interferometric precision. The d-scan can also be implemented in a
very compact setup and can fully retrieve the pulse phase - even when spectral holes are
present -, providing valuable insight on the measured pulses.

The technique is based on the measurement of both the original pulse spectrum (or
fundamental spectrum) and the second-harmonic generation spectrum corresponding to
said pulse. SHG is a process in which two photons of the same frequency (and thus

energy) combine to form a single photon with double the frequency (double the energy)
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[34]. The second-harmonic signal is usually generated using a SHG crystal such as the
one in Ref. [35].

A dispersion scan is performed by changing the dispersion of the pulse using optical
glass wedges and measuring the SHG spectrum at each thickness step (also called inser-
tion). This results in a two-dimensional trace like the one in Fig. 2.5. Here, it is important
to notice that a key feature of the d-scan measurement technique is that there is a one-to-

one (bijective) relation between the electric field and the d-scan trace.
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FIGURE 2.5: Typical d-scan two-dimensional trace. Simulated d-scan trace from a pulse
with a phase curve consisting of third-order dispersion and phase ringing. Taken from
Ref. [4].

The problem is then reduced to a two-dimensional phase retrieval one: we must find
out what phase needs to be applied to the original pulse to obtain the measured second
harmonic signal. This process is entirely done using a computer algorithm and, unlike the
MIIPS technique, does not require iterative actuation on the pulse shape to fully retrieve
its phase.

Firstly, we must compute the phase introduced at each position of the glass wedges by
taking the Sellmeier formulas and the properties of the wedge glass. By taking a guess of
the phase of the original pulse, defined by any set of parameters, and adding it to the one
introduced by the wedges, we obtain a guess phase for the original pulse. From here, this
guess can be applied to the measured fundamental spectrum of the beam which will then
be Fourier transformed to the time domain and squared, simulating the SHG process -
assuming the simple model that the SHG signal is the square of the time-dependent field.
An inverse Fourier transform outputs the guess SHG spectrum of the original pulse, at
each insertion step, forming the theoretical d-scan trace. Finally, an error minimization

algorithm is applied which, by actuating on the parameters of the guess phase, matches
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FIGURE 2.6: Typical d-scan experimental setup. Notice the translation stage for the po-
sitioning of the glass wedges and the fiber spectrometer for measuring the SHG signal.
Taken from Ref. [36].

the theoretical trace to the measured one, thus fully retrieving the original phase of the
pulse at each insertion step, which is used to compute the electric field of the pulse.

We, finally, obtain a two-dimensional plot of the SHG spectra of the pulse at each
step of introduced glass, knowing exactly the electric field of the pulse at each insertion
step and thus its pulse width and peak power. With this data, we can then choose the
appropriate insertion value (i.e. ammount of dispersion introduced by the wedges) to
best compress the pulse. The translation stage used to move the glass wedges can then
be set to the chosen position and from that moment forward the d-scan setup is used as a

passive element, optimized to compensate for pulse dispersion.

2.2.1.1 d-scan Technical Characteristics

In order to perform a d-scan measurement as explained above, some engineering consid-
erations must be made. A typical d-scan setup is shown in Fig. 2.6.

Firstly, we can see that the glass wedges composing the compressor are moved by a
translation stage which is, ideally, controlled by software on a computer. The movement
of the glass wedges should preferably be as fine as possible so that small adjustments can
be made to the compressor to compensate for small variations in the phase of the pulse.
Thus, a state of the art translation stage should be used. Some examples of such stages

are shown in a following section.
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Furthermore, the technique relies on the accurate measurement of both the fundamen-
tal and SHG spectra of the light source. For this, fiber spectrometers are used due to the
easy coupling of the light to the spectrometer entrance, their compactness and parallel ac-
quisition (a full spectrum can be acquired with multiple devices at the same time). These
devices are required to have enough spectral resolution to measure features of the order
of the nanometre on the pulse spectrum. Such devices are commercially available and
some examples will be shown further ahead.

Finally, when one wants to take a d-scan measurement of an ultrashort low repetition
rate laser, a triggering of the d-scan spectrometers is required in order to synchronize the
pulse emission with the spectrometers acquisition. Examples of such laser systems are
present in Refs. [37] and [38], as well as in the Extreme Light Infrastructure Attosecond
Light Pulse Source (ELI-ALPS) international facility which features laser sources in the
TW peak power regime at repetition rates in the Hz and KHz regimes [39].

Taking all of this into account, this work is mainly incident on developing a low-cost
translation stage capable of controlling the glass wedges on the compressor, on develop-
ing a low-cost compact spectrometer to be used for the acquisition of the pulse spectrum,

and on integrating a triggering signal on the d-scan products.

2.2.1.2 d-scan Applications

Every since its first appearance in 2011, the d-scan technique has been used as an enabling
technology for a numerous amount of applications. The technique has been successfully
used with a number of different devices ranging from standard oscillators [40] to hollow-
fiber compressors [41] [42].

A major emphasis of modern physics is on the generation and use of attosecond scale
pulses which have been shown to have various different applications, for example in
atomic, molecular, solid-state physics [43] and, more recently, XUV multidimensional
spectroscopy [44]. The d-scan technique has been applied for the generation of such at-
tosecond pulses [45].

The d-scan has also been used in the generation of relativistic electron beams driven by
kHz single-cycle pulses. These electron bunches could potentially be used in applications

such as ultrafast electron diffraction, ultrafast imaging and femtosecond X-ray generation

[46].
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Furthermore, d-scan has enabled the development of a novel multicolor bioimaging
technique: SyncRGB-FLIM [47]. This technique is based on the excitation of multiple chro-
mophores on labelled samples by a broadband few-cycle laser. By pairing this excitation
with the time-correlated single-photon counting (TCSPC) technique, fluorescence lifetime
imaging microscopy (FLIM) images can be obtained, thus enabling the localization of dif-
ferent chromophores in the cell based on their fluorescence decay properties. This process
is only possible due to the powerful dispersion compensation of the microscope optical
components, using the d-scan technique.

Finally, the d-scan technique can also be applied to achieve the shortest pulses pos-
sible. Recently, single-cycle pulses down to 2.2 fs have been measured by using specific

strategies revolving around the d-scan technique [48].

2.3 High Precision Translation Stage

A linear translation stage is a device that enables the movement of an object in a particu-
lar direction. In the case of the d-scan technique, a translation stage is used for stepping
a glass wedge which sequentially introduces a certain amount of dispersion on the laser
pulse under measurement. The technique requires a high degree of control on this move-
ment and thus a high precision translation stage must be used.

This section will introduce the main engineering aspects which must be taken into
account when building such a translation stage. Furthermore, a market analysis will be

performed to assess the available commercial options for this kind of product.

2.3.1 Translation Stage Technical Characteristics

In building a high precision translation stage some technical aspects need to be taken into
account such as the travel range, the stepping resolution, the maximum speed, the total
size of the device and the interface with the computer. Furthermore, from a business point
of view, the price of the device is important and should be kept to a minimum.

In Fig. 2.7 we can see a typical glass wedge pair setup used in the d-scan technique.
One of the glass wedges is typically fixed while the other is moved, by a translation stage,
parallelly to the first. Eq. 2.9 can be used to compute the insertion length of glass, Ay, for

a certain translation stage step, Ax, and a glass wedge of angle 6.
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Ay = Ax -sin(0) (2.9)

Movable glass wedge
0 y

Fixed glass wedge

FIGURE 2.7: Diagram of the glass wedges pair typically used in a d-scan system. The
translation stage moves the wedge in the x direction. The insertion value per step of the
translation stage is dependent on the angle of the wedges, 6.

The first parameter to account for is the travel range of the stage which should be
enough to allow for the full range of insertion values. This corresponds to the length of the
glass wedge used which varies with both the total amount of dispersion that the compres-
sor is designed to compensate and the required resolution of the dispersion steps, Ayyi,,
which is dependent on the angle, 6, of the glass wedges. Furthermore, when choosing
the travel range of the translation stage, one must also account for the required minimum
insertion value and the beam size which greatly increases the necessary travel range.

This brings us to the next characteristic of a translation stage, the minimum step res-
olution. As mentioned in [4], Sec. 3, a typical value for the angle of the glass wedges
is 8° which allows for a stage step length of over 100 pm for very fine thickness steps of
20 pum. Note that these translation steps are more than three orders of magnitude larger
than the allowed by state of the art translation stages, which provide a minimum step
length of less than 100 nm. Thus, we can conclude that such a stage is possibly an overkill
for the majority of applications of the d-scan technique, only becoming useful when the
pulse changes very rapidly with dispersion and thus a high resolution thickness step is
required.

Furthermore, the maximum stepping speed of the translation stage is an important
factor when performing a dispersion scan since, from a client point of view, the faster the
measurement of the pulse is performed, the better. The speed of a high precision stage
varies from the tens to the hundreds of millimetres per second.

For the integration of the translation stage in a compact product to be used in many
different scenarios, the size of the overall device is rather important. Even though this
parameter is mainly limited by the travel range, it can be optimized by keeping the pro-

trusion of the controller and interface cables, to a minimum.
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The communication interface of the translation stage is also important from a compat-
ibility and compactness point of view. Generally, commercial stages either communicate
with a computer via RS-232, USB or Ethernet. Here, a trade-off between standardiza-
tion, speed and implementation difficulty must be considered when choosing between
the three interfaces.

Finally, from the point of view of the production of a d-scan system, the price of the
translation stage must be considered. Since most commercial stages present higher ca-
pabilities than required by the technique (mainly resolution-wise), these devices are, in-
trinsically, expensive. Thus, we expect that a much cheaper alternative can be custom

developed to more adequately fit the needs of a d-scan product.

2.3.2 Market Analysis

When considering the development of a custom made alternative to any product, it is
important to study the existing commercial choices. This allows us to set design goals
and to have perspective on how such a product is usually built.

For this study, the selected products all have a 50 mm travel range so that a basis
of comparison can be established. These devices were compared in terms of stepping
resolution, maximum speed, overall size, the implemented communication interface and
price. As seen above, these parameters are all relevant for the integration of such a device
in a d-scan product. Results for this comparison are summarized in Table 2.1.

The first commercial translation stage studied is a top-of-the-line product in terms
of minimum step resolution, supporting step lengths of less than 50 nm (Stage #1 in the
table). However, this high resolution comes with a sacrifice in maximum speed which is
limited to 7 mm/s in this device. The same manufacturer also produces a lower resolution
alternative to this model: Stage #2. The minimum step length of less than 0.2 pm on this
alternative is still much better than the required by the d-scan technique. These larger
steps allow the stage to have a higher maximum speed of 29 mm/s. Furthermore, these
two stages are both controlled with an RS-232 interface which can be adapted to a USB
connection. Even though these devices also present a rather small footprint, they are
among the most expensive products available.

Stage #3 is, again, a high resolution product with minimum steps of 0.125 pm. How-
ever, this is a much slower alternative to the previous models supporting maximum

speeds of 1.2mm/s. This is still a compact stage, with a footprint comparable to the
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other models. This device communicates with the controlling computer via the RS-232
protocol. This stage is also priced above the ideal budget.

Stage #4 offers a 0.5 pm maximum step resolution and more compact than the pre-
viously studied ones. However, the main advantage of this stage is its high speed of
500 mm /s which is possible due to it being a servo motor driven stage instead of the typi-
cal stepper motor used in the other alternatives. Although this is a great feature for many
other applications, this is not needed for a d-scan product since the scanning speed would
still be limited by the integration time of the spectrometers. On the other hand, this stage
allows for the connection to be established through a USB connection, albeit only through
the external controller required to drive the stage. Besides that, this product is rather ex-
pensive to be used as an OEM part. This manufacturer also offers a higher resolution
(0.05 um), lower speed (2.4 mm/s) translation stage, Stage #5. This device again has to be
externally controlled and uses USB for the computer interface. This stage also features a
lower price than the other one.

The last two stages set a reference for a different motion technology: the piezo elec-
tronics. This technology can be advantageous in resolution, repeatability and compact-
ness but it is hard to implement as a custom product. Stage #6 provides a stepping resolu-
tion of ~1nm, much less than the other mentioned products, while keeping the maximum
speed rather high at 20 mm/s. The main adavantage of this stage is its high compactness
relative to the servo or stepper motor ones. Stage #7 also provides a high stepping resolu-
tion, 0.025 to 1.25 pm, together with a high maximum speed, 200 mm /s, and compactness.
However, both of these stages require an external controller which is usually larger than
the ones used by a traditional stage, which require less electronics. This reduces the over-
all compactness of piezo stages. The price for both these products is approximately the

same, sitting around the middle of the price range established by the other devices.
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Stage # Resolution (jm) Maximum Speed Size Communication Price
(mm/s) (mm) Interface
1 0.0476 7 1729x65.0x21.0 RS-232 / USB €€€€
2 0.1905 29 1729x65.0x21.0 RS-232/ USB  €€€€
3 0.1250 1.2 180.0 x 62.0 x 42.0 RS-232 €€€E€
4 0.5000 500 145.0 x 57.0 x 35.0 USB €€E€E€
5 0.0500 2.4 160.8 x 43.0 x 22.0 USB €€
6 0.0010 20 80.0x17.0x8.5 UsB €€€
7 0.0250 - 1.2500 200 50.0 x 34.0x 13.0 USB €€E€

TABLE 2.1: Market analysis for high resolution linear translation stages.

2.4 Spectrometers

A spectrometer is a device capable of measuring the light intensity as a function of the
emitting wavelengths of a source. The produced measurement is called the spectrum of
the source.

The light entering a spectrometer, typically passes through four optical components
before the spectrum is acquired. First, the incident light passes through an entrance slit
which forms an interference pattern in a cone of light and ultimately helps to improve the
resolution of the device. The cone of light is then incident on a spherical mirror which col-
limates the beam. The diffraction grating then splits the beam in its several wavelengths
by reflecting them at different angles, according to,

mA

sin(0y,) = sin(6;) — e (2.10)

where d is the spacing between the grooves of the grating and m is the order of the
reflection. The angles 6; and 6,, can be understood by observing Fig. 2.8 and are, respec-
tivelly, the incident angle of the beam and the reflected angle of the respective wavelength
A on order m of the grating. It is important to note the relation between the orders of the
grating and the wavelengths of the source. If wavelength A is reflected by an angle 6 for
order m = 2 of the grating, then wavelength 2A will be reflected at the same angle, 0, at

order m =1 of the grating. This relation will later be exploited during the alignment of
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FIGURE 2.8: Diffraction grating reflec-
tion of a ray incident with angle 6;. FIGURE 2.9: Typical Czerny-Turner
spectrometer geometry.

the spectrometer. Finally, the light leaving the diffraction grating is incident on a second
mirror which focuses the beam of light on the detector.

An example typical configuration of a spectrometer is the Czerny-Turner one shown
in Fig. 2.9. Even though this geometry is very effective when building a spectrometer, it
is not the most compact since one is limited by the size and focal distances of the mirrors.
Thus, as will be shown later, in this work the collimating mirror will be replaced by a

parabola in order to make the geometry more compact.

2.4.1 Spectrometer Technical Characteristics

When selecting a spectrometer for a specific use, several technical characteristics have to
be taken into account. Here, we will focus on the most important ones for the d-scan tech-
nique and for establishing a comparison between several state of the art spectrometers.

The first characteristic is the resolution of the device. In order to accurately measure
the spectrum of a light source, the spectrometer must be able to resolve features smaller
than the smallest feature of the source (e.g. smaller than 10nm if the light source has a
peak of 10nm in linewidth). This implies that the application must be taken into account
when choosing the resolution of the spectrometer.

In the development of a spectrometer, one must take into account several factors which
impact resolution such as the slit width (W;), the groove density of the diffraction grating
(1/d) - which impacts the wavelength range (AA) of the device -, the number of pixels on
the detector (N;) and the width of each pixel (W;). The spectral resolution (6A) can thus
be estimated using Eq. 2.11 [49].
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AN X W,
A =RF——— 2.11
Ny x W, ( )

Note that, in this equation, a resolution factor (RF) is introduced because the spectral
resolution is measured at the full width half maximum (FWHM) of the peaks. Since we
need to take at least 3 pixels to measure the FWHM of a peak, RF = 3 when Ws ~ W,,.
The resolution factor is smaller for smaller values of the pixel width until it stabilizes at
RF = 1.5 when W; > 4W,,.

Moreover, in order to compare this theoretical resolution to the actual resolution of
the device, a light source of sufficiently narrow resolution must be chosen. If the light
source peaks are wider than the spectrometer resolution, no conclusion can be made about
the latter since the resolution of the acquired spectrum is limited by the linewidth of the
source [49].

Furthermore, when designing a spectrometer one must consider the existent trade-
offs when trying to improve resolution. First, resolution improves with a higher groove
density on the diffraction grating, since we are effectively reducing the spectral range
of the device (see Eq. 2.11). Second, resolution can be improved by a smaller width
entrance slit but at the expense of signal strength, since the amount of light that enters
the spectrometer is reduced [50]. Due to these trade-offs, a specification of the spectral
resolution of a spectrometer is only valid when coupled with a definition of the spectral
range and signal strength of the device.

Thus, another main requirement for the development of a spectrometer is the spectral
range, which is perhaps the most important one since it impacts the light sources which
can be measured with the device. As seen above, the spectral range greatly impacts the
resolution of the device and thus should be carefully selected to reflect the application of
the spectrometer. In order to measure the entire spectrum of certain light sources of large
bandwidth (e.g. ultrashort lasers) a spectral range of the order of several hundreds of
nanometers is required [51].

We must then take into account several factors which impact the spectral range of
the spectrometer. We can readily see from Eq. 2.10 that the groove density (d) of the
diffraction grating is one of those factors, since a higher groove density will result in the
wavelengths of the light source to be spread across a wider angle. This results in a smaller
range of wavelengths hitting the focusing mirror - and, subsequently, the detector - if the

rest of the spectrometer geometry remains unchanged.
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FIGURE 2.10: Detectors spectral response. Left: Si photodiode [52]. Right: InGaAs line
detector [53].

Furthermore, so that we may take full advantage of the spectral range of the light
that reaches the detector of the spectrometer, this component must be carefully chosen.
For a common, ultra-violet to visible (UV-VIS) spectrometer, a silicon (Si) detector can be
used, since its response only falls off at ~1100 nm (see Fig. 2.10, left). However, when we
wish to acquire spectra on the near-infrared (NIR) wavelength range, an indium gallium
arsenide (InGaAs) detector must be used, since the spectral response of this material goes
from ~900 nm to ~1700 nm (Fig. 2.10, right).

An estimation of the spectral range of the device can be obtained by performing ray-
tracing simulations, in the design phase, or by calibrating the spectrometer in terms of
wavelength, after the assembly of the device. The spectral range of the device can be
adjusted to fit a specific desired window, by, for example, changing the incident angle of
the beam on the diffraction grating, thus changing the output angle of the diffracted rays
(see Eq. 2.10).

In the context of the d-scan technique, multiple spectrometers have to be used in order
to simultaneously acquire the SHG and linear spectra of the source (see Sec. 2.2.1). Besides
that, those two steps of the technique require the spectrometers to have different spectral
ranges since the SHG effectively doubles the frequency of the linear spectrum. However,
a common feature between the spectrometers used in the technique is the high resolution,
in order to minimize the error introduced in the computation, by the acquisition of the

spectra. Since the project resources only allow for the development of one prototype
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spectrometer, we chose to develop a NIR, high resolution one, whose requirements reflect

the needs of the d-scan technique.

2.4.2 Market Analysis

So that we may better understand the required characteristics of the spectrometer we want
to develop, we must look into the state of the art of near-infrared spectrometry. To do so,
we analysed five different devices which were compared in terms of spectral resolution,
spectral range, size and price. The result of this comparison is compiled in Table 2.2.

Spectrometer #1 is the smallest among the devices under analysis, which makes it
a suitable candidate to allow an easy integration in a product. This device also has a
spectral range of [950 — 1650]nm, which is around the desired [900 — 1700]nm for an NIR
spectrometer. However, the 10 nm resolution is not sufficient for the application in mind.
This reduced resolution is a result of the high compactness and the use of a sensor with
a small number of pixels. Even though the technical characteristics of the device are not
sufficient for the application in mind, its price is within the acceptable range.

Spectrometer #2 fits the application needs both in terms of spectral range - [900 — 1700]
nm - and resolution - 3.1nm. However, the improved spectral range and resolution are
a result of a larger footprint than the previously considered device, which makes this an
unsuitable candidate for compact product integration. This device is a high resolution and
high sensitivity spectrometer with a price over 10000 €, suitable for other applications.

Spectrometer #3 features a higher resolution than any of the other considered - 1.5 nm.
However, this resolution is a result of both a smaller spectral range - either [900 — 1300jnm
or [1200 — 1600jnm - and a larger footprint than any of the other devices. Thus, this
spectrometer is much better suited for laboratory work than for a product integration
application also due to its price of over 10000 €.

Spectrometer #4 has a spectral resolution of 3 — 12nm, which depends on the choice
of spectral range and entrance slit. The spectral range of the device can be chosen to be
any range of wavelengths between 900 nm and 1700 nm, allowing for an improvement
in resolution. Furthermore, this device has the smallest footprint among the considered
3nm resolution spectrometers. By featuring all of these important characteristics, this
spectrometer is a suitable device to easily integrate in a product. Moreover, this device is

also a good candidate in terms of price.
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Finally, Spectrometer #5 features a maximum wavelength range of [1000 — 1750]nm
and a resolution of 2 — 50nm, which again depends on the chosen entrance slit and spec-
tral range. It is also a rather compact product with a footprint not much larger than device
#4. Besides that, this spectrometer fits the budget for such a device and is thus a good op-

tion to fill this role.

Spectral _ )
Spectrometer # Spectral Range (nm) Size (mm) Price
Resolution (nm)

1 10 950-1650 89.1x63.3x31.9 €€€

2 3.1 900-1700 182.0 x 110.0 x47.0 €€€£€

3 1.5 900-1300 / 1200-1600 198.1 x 109.2 x 68.6 €£€£€

4 3-12 900-1700 70.5x104.0x420 €€€

5 2-50 1000-1750 100 x 130 x 40 €€€

TABLE 2.2: Market analysis for NIR high resolution spectrometers.






Chapter 3

Trigger PCB

3.1 Introduction

In this chapter we will detail the development of a printed circuit board (PCB) for the ex-
ternal triggering of multiple instruments required for the d-scan technique. This external
triggering is fundamental when working with low repetition rate lasers, so that the d-scan
spectrometers are synchronized with the ultrashort pulses.

In developing this PCB, we began by setting the requirements for the board so that it
fulfils the needs of a d-scan product both in terms of the devices that require triggering
and taking ease of integration into account.

We then created a set of design guidelines to obtain the best results during the manu-
facturing process of the boards. The design process was then performed, following these
guidelines. Here, we developed the several electrical circuits implemented on the board.

Finally, after the manufacturing of the boards, the results were evaluated in terms of

the fulfilment of the set requirements and by assessing the product integration process.

3.2 Requirements Analysis

We began the development of the PCB with the definition of the requirements that fulfil
the triggering needs of a d-scan product.

The first requirement for the PCB is the conversion from the power input of the d-
scan device - 12V or 15V - to 5V to be used in the powering of the PCB and any other

instrument that requires it.

25
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The main input of the PCB is the external trigger signal. For this, the PCB should use
a coaxial connector of the Hirose U.FL type [54], which connects to a coaxial cable input
that provides the external Transistor-Transistor Logic (TTL) signal.

This trigger signal will be provided by the laser source with which we would like to
synchronize the d-scan instruments. Thus, the PCB must support input signals at the
repetion rates of the lasers which are in the ranges of 0.1 Hz to 10 Hz from ultra-high
energy lasers in the PW regime [55], 1 kHz to 3 kHz from CPA systems [46] or 100 kHz to
300 kHz from fiber laser systems [56]. Thus we specify that the maximum delay from the
input to the output signal should be in the order of 1 s so that all of these repetition rate
ranges can be used with the PCB.

The trigger signal must then be opto-isolated to protect from voltage spikes and tran-
sients, avoid ground loops and impedance mismatches, which could damage or interfere
with the acquisition of the instruments. To achieve this isolation, a circuit based on an
opto-coupler should be used.

Furthermore, the PCB must convert the TTL signal input to a Low-Voltage TTL (LVTTL)
level to be used with devices which require this signal level.

The PCB should also implement an electronic circuit capable of driving a light-emitting
diode (LED). This circuit will use a General-Purpose Input/Output (GPIO) pin from a
spectrometer to control the On/Off status of the LED. This light source will be used in the
d-scan product for the intensity calibration of the spectrometers.

The complete PCB - including all the electrical components and connectors - should
also be compact enough to facilitate its integration inside a commercial product. Thus, its
outer dimensions should not exceed 50 mm x 60 mm x 6 mm.

The product integration should also be made possible by the use of at least two M3
mounting holes on the board.

Finally, if possible, the PCB should allow for the interface with multiple GPIO pins on
the instruments under control for debugging and development purposes.

The requirements set for the trigger PCB are available in the following table and in

Appendix A.
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# Requirement Description Priority

1 Power Conversion Implementa DC-DC converter capable of convert- Mandatory
ingal2Vor15Vinputto5V.

2 Trigger Input Implement a TTL trigger signal input using a Hi- Mandatory
rose U.FL coaxial connector.

3 Timing Delay The PCB should introduce a maximum delay of 1 Mandatory
ps on the trigger signal.

4 Opto-isolation Implement a circuit based on an opto-coupler to Mandatory
isolate the input trigger signal from the instru-
ments under control.

5 Signal Conversion Convert the TTL signal to Low-Voltage TTL Mandatory
(LVTTL).

6 LED Driver Implement an LED driver for the intensity calibra- Mandatory
tion of spectrometers in a d-scan product.

7 Size Achieve dimensions of less than 50mm x 60 Mandatory
mm x 6 mm for the component populated board.

8 Mounting Holes Implement at least two M3 mounting holes for se- Mandatory
curing the PCB to the product

9 GPIO Pin Interface  Implement an interface with the GPIO pins on the Desired

instruments under control.

TABLE 3.1: Technical requirements for the development of a trigger PCB.

3.3 Design

The developed PCBs were designed to meet the requirements, using a set of rules com-

piled for this purpose. The Eagle Computer-aided Design (CAD) software was used to

design the electrical circuits and the physical layout of the boards.

3.3.1 PCB Manufacturing Checklist

In order to make the designed PCBs ready for manufacturing, a set of rules was devel-

oped based on the SparkFun Eagle Design Rules [57] and on common aspects that arose

during the development of these PCBs. These rules were then compiled into a checklist
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which was used at each iteration of the PCBs design.

The checklist is divided as follows:

e Components - e.g. check footprint, check orientation;

Layout - e.g. via and trace size;

Dimensions - e.g. hole and pads size tolerances;

Silkscreen - e.g. readable in one or two directions, helps with populating the board;

General - e.g. use SparkFun.dru for Design Rule Check (DRC) instead of Eagle’s
predefined DRC.

3.3.2 Electrical Circuit Design

In order to fulfil the requirements set above, four main electronic circuits were imple-
mented on the PCB: a trigger input circuit, an opto-isolation circuit, a TTL to LVITL volt-
age converter and a LED driver circuit.

The trigger input circuit (Fig. 3.1) consists of the Hirose U.FL connector as the input
connector, a 5V Zener diode to limit the input voltage, a general purpose diode for current
inversion protection of the circuit and a 300 () resistor. This last element serves as a current

limiter for the signal input pin of the opto-coupler that follows the trigger input circuit.
? jZE

FIGURE 3.1: Electronic circuit for the input of the TTL trigger signal.

The second circuit present in the PCB implements the opto-isolation of the trigger
signal (Fig. 3.2). This circuit consists of an opto-coupler and an inverting buffer. The
opto-coupler is an IC that uses a micro-led and photo-diode pair to electronically isolate
the input and output signals. By letting the input trigger signal drive the LED in the IC,
the original signal can be retrieved on the photo-diode on the output of the IC. However,

by specification of the opto-coupler IC used in this circuit, its output signal is inverted
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FIGURE 3.2: Electronic circuit for the opto-isolation of the trigger signal.

relative to the input. Besides that, the IC provides a low output current, thus an invert-
ing buffer is required to obtain a final isolated trigger signal of the same polarity as the
overall input one and with sufficient current to drive the trigger pins on the instruments.
Furthermore, since most of the electronic delay will be introduced by the opto-coupler IC,
we chose a device specified for maximum delays of 100 ns, in order to fulfil the specified
timing requirement of 1 ps. Finally, it should be noted that each of the two integrated cir-
cuits is powered through a decoupling capacitor of 0.1 pF, as required by the previously
established PCB design guidelines.

To complement the opto-isolation circuit, a TTL to LVTTL voltage converter was im-
plemented to allow for the control of devices that take the lower voltage levels as input.
This circuit is a simple voltage divider, using the 3.6 V Zener diode as a voltage limiter.
According to Egs. 3.1 - 3.4, any TTL signal that enters this circuit at a voltage level be-
tween [0 — 5]V is converted to a LVTTL signal with between [0 — 3.3]V if the appropriate
resistor ratio, R/ Ry, is chosen so that, when the input signal is high (5V), V> ~ 0.3V and,
thus, Vryrr ~ 3.3 V.
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FIGURE 3.3: Electronic circuit for the TTL to LVTTL conversion of the trigger signal.
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Finally, the PCB is required to allow the control of a LED with a GPIO pin from an
instrument. To achieve that, a driver circuit was implemented by using a NPN transistor
with a base current limiter resistor and a LED current limiter resistor, R, calculated fol-
lowing Eq. 3.5, where I, is the collector current on the transistor, which should be limited

according to the LED specifications.

R .
: 7 (35)
Rc
NPN Transistor ANODE
cpiopiN 680Q __’—T;ATHODE

L

FIGURE 3.4: Electronic circuit for the LED driver controlled with a GPIO pin.
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3.3.3 Design Results

The final product of the PCB design phase is shown in Figs. 3.5 and 3.6. Here, two differ-
ent PCB designs are presented. PCB a) on Fig. 3.5 follows all the required specifications,
including both the TTL to LVTTL and LED driver circuits. PCB b), on Fig. 3.6, on the other
hand, does not implement these two circuits, since there was a need for a more compact
version of the PCB which implements only the trigger isolation circuit.

Furthermore, a design choice was made to use a commercially available board for the
power conversion circuit. This external board is electronically connected to the designed
PCB through four single headers and using two mounting holes for extra mechanical
robustness.

We can also immediately see from the figures that the external dimensions of the
boards are well within the set requirement thus making them ideal for a compact ap-

plication.

1 47.00 mm | | 21.00mm

4399141 ¥3IMod 0 0

wwo/ey
wuw/e ey

FIGURE 3.5: Design result for PCB a). FIGURE 3.6: Design result for PCB b).

3.4 Results

The successful design of the developed PCBs will be characterized by their fulfilment of

the set requirements and by the ease of the integration of the PCBs on a product.
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3.4.1 Requirements Fulfilment

By following Table 3.1, we can evaluate the fulfilment of the set requirements for the
designed triggering PCB.

The first requirement is the DC-DC conversion between 12V or 15V to 5V. This re-
quirement was met by using a commercially available PCB, externally connected to the
design PCB by individual headers and mounting points for extra mechanical security.

Furthermore, the trigger signal input was readily implemented using a Hirose U.FL
connector, on the designed PCB, as required. The circuit was tested at trigger repetition
frequencies from 0.1 Hz up to 1 MHz, which fulfils the specified requirements.

This input trigger signal was then opto-isolated using a dedicated IC and the isolated
signal was level converted from TTL to LVITL, in order to be used as an external trigger-
ing signal to different devices. Thus the main requirements for the board were fulfilled
and the developed PCB can be used for its main purpose.

Moreover, an LED driver circuit was shown to be working to control an LED with a
GPIO pin from a connected device. The GPIO pins interface was also implemented, for
debugging reasons.

Finally, both of the developed boards were kept under the set requirement for size, as

can be seen in Figs. 3.5 and 3.6, and can thus be integrated in a compact product.

Mounting Holes Yes.

# Requirement Achieved

1 Power Conversion Yes. Using external DC-DC converter.
2 Trigger Input Yes.

3 Timing Delay Yes. Tested for range [0.1Hz - IMHz].
4 Opto-isolation Yes.

5 Signal Conversion Yes.

6 LED Driver Yes.

7 Size Yes.

8

9

GPIO Pin Interface Yes.

TABLE 3.2: Fulfilment of the set requirements for the development of a trigger PCB.
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3.4.2 Product Integration

The final step in the development of the PCBs was the product integration. The boards
were designed with that purpose in mind, by leaving easily accessible mounting holes for
spacers and screws, to secure the boards to the casing of the product. It was necessary,
however, to adjust the design of this casing to the placement of the mounting holes and
to allow for sufficient slack to account for the cables on the PCB.

The product integration of the PCBs is thus easily achieved by simply connecting all
the trigger signal cables (e.g. input and outputs) and mounting the boards using the
mounting holes. This integration has already been achieved with success in a number of

d-scan products.

3.5 Chapter Review

In order to perform the external triggering of multiple devices used in a d-scan product,
a trigger PCB was developed as part of this project.

We began by setting the requirements for the PCB, taking into account the aim of
integrating the PCB in the product. The most important requirements for the PCB are the
implementation of a circuit capable of optically isolating the input trigger signal from the
signal sent to the devices under control, the implementation of a signal conversion circuit
from a TTL power level to a LVTTL one and the control of a LED using a GPIO pin from
one of the instruments.

We then moved on to designing the PCB using a CAD software. For that, a set of PCB
design guidelines was compiled to make sure that the final design product was ready for
manufacturing. The electrical circuits implemented on the board are discussed here. To
conclude the design section, the results are presented in the form of two different PCBs,
one with all the implemented circuits and one which only isolates the trigger signal with-
out converting it to LVTTL or having LED control capabilities.

Finally, the PCB development is evaluated in terms of the fulfilment of the set re-
quirements and the ease of product integration of the board. We conclude that all the
requirements were fulfilled and that the board is adequate for a product integration since
it requires only the attachment of the external power PCB, the connection of the input

and output trigger cables and the placement of mounting screws to secure the board to
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the product casing and thus guarantee its physical integrity. This integration has already

been successfully achieved in several d-scan products.



Chapter 4

High Precision Translation Stage

4.1 Introduction

In this chapter, we will explain the development process of a high precision translation
stage to be used with the d-scan technique.

We will begin by setting the requirements for the device in order to make sure that
the final prototype can be used effectively with the technique and is close to the industry
standard established in the state of the art analysis.

Then, we will move on to detailing the design of the translation stage. Here, we will
define the architecture of the device, explaining the design of the custom computer nu-
merical control (CNC) manufactured parts required to build the stage and of the control
PCB as well as the design.

Furthermore, the prototype assembly process will be detailed with the alighment of
the stage with the DC stepper motor and the correct positioning of the glass wedges.

Finally, we will explain the experimental procedures that have allowed us to perform
both an interferometry measurement of a CW laser and a d-scan of an ultrashort laser,
using the developed translation stage. The results from these experiments will be pre-
sented and analysed. These results will be used to assess whether the set requirements

were fulfilled.

4.2 Requirements Analysis

The requirements for the high precision translation stage will be set taking into account

the needs of the d-scan technique and the state of the art research previously performed.
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A summary of this analysis is available in Table 4.1 and in Appendix A.

Firstly, as previously mentioned, the device is not required to have such a high resolu-
tion as some of the examples from state of the art stages, due to its particular application
to the d-scan technique. Thus, the developed translation stage should achieve a minimum
step length of at least 100 pm.

Furthermore, it is important to set a requirement for the travel range of the device. A
typical value for this parameter is 50 mm, which is the value used to establish a compari-
son between the several state of the art stages and is thus the set requirement.

Besides that, the translation stage should perform a d-scan with a relatively fast step-
ping speed. Thus, a requirement is set to have the stage achieve a maximum speed of
20mm /s which is typical among the researched market products.

The developed device should also be compact so that it can be easily integrated in a
d-scan product. Thus, the overall size of the translation stage should not exceed 180.0
mm x 70.0mm x 30.0 mm. Since this stage is also meant to have an integrated controller
and support the direct application of glass wedges both to its base and to the moving
platform (see below), this product should end up being more compact than the available
market alternatives.

Furthermore, the device should allow for the communication to be established through
a standard USB connection. A C++ library should also be available to control the stage
via software.

Due to its particular application, the stage should support the use of glass wedges of
5¢and 10°, which means having metric optical table mounting holes at these particular
angles.

Furthermore, the stage should also support the calibration of a home position. This
sensor will be used by the controller to establish a reference for the position of the plat-
form, when the stage is first powered up.

The assembly should also include a manual control knob so that one is able to move
the platform without having to control it via the USB connection. This knob should allow
the movement to be made in any direction and control the speed of the platform for either
fast or controlled stepping.

Finally, to be desirable as an OEM product, the total cost of the translation stage, in-

cluding the controller, should be kept under 500 €.
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#  Requirement Description Priority

1 Resolution Achieve a minimum step length of 100 pm. Mandatory

2 Travel Range Support a travel range of at least 50mm.  Mandatory

3  Maximum Speed Achieve a maximum stepping speed of 20 Mandatory
mm/s.

4  Size Achieve a total footprint of less than 185.0 Mandatory
mm X 75.0 mm.

5 Communication Interface Support communication with a computer Mandatory
through a USB connection and a C++ li-
brary.

6  Optical Table Support Support use with metric optical tables, at Mandatory
the glass wedge angles of 5° and 10°.

7  Glass Wedge Support Integrate the mounting of the glass Mandatory
wedges directly on the stage base and
moving platform.

8  Home Calibration Support home position calibration. Mandatory

9  Manual Control Support the use of a knob as a manual con- Mandatory
trol of the movement of the stage, when
power is connected.

10 Price Keep the total cost of the device, including Desirable

the controller, under 500 €.

TABLE 4.1: Technical requirements for the development of a high precision translation

4.3 Design

stage.

The design phase of the developed high precision translation stage begins with the clear

definition of the architecture of the device. This architecture can then be used as a basis

for the design of custom CNC parts to integrate in the product such as a base for placing

the moving stage, the glass wedge mounts and a motor mount. Finally, the control PCB

was designed, much like the triggering PCBs, with the help of Eagle CAD and following

the previously compiled design checklist.
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4.3.1 Architecture Definition

The architecture definition of the custom translation stage must answer all basic func-
tional questions regarding the device.

Firstly, we must define how the stage movement will be performed. For simplicity
reasons, we decided to use a classic stepper motor and screw configuration. For this, we
had the option of custom designing the whole platform, which implied custom designing
alot of parts and thus impacting the overall cost of the finished product. Instead, we chose
to look for a commercial alternative for the moving platform, which can be coupled to a
motor capable of driving it. We chose a product that can be converted from a manual stage
to a motor driven one, provided we can couple the screw to an external motor. At this
point, it was important to select both the travel range and the screw lead of the platform.
The platform chosen features a 65 mm travel range and a screw lead of 0.8 mm /rev, which
allows us to fulfil the requirements of the product both in terms of travel range (>50 mm)
and in resolution (minimum steps of <100 pm), provided the motor allows for at least
eight steps per revolution.

The next step is to choose the appropriate motor for such a stage. Since the application
in mind does not require a high degree of torque due to the relatively low weight loads
that will be used, a compact stepper motor will be used. This motor has a stepping angle
of 1.8° (corresponding to 200steps/rev) and has a bipolar configuration in which each
phase draws a current of 600 mA. This motor can be controlled by a bipolar motor driver
such as the A4988 [58] which will be integrated in the control PCB of the stage. For the
coupling of the motor to the manual stage, a flexible shaft coupler will be used for its
simplicity, compactness and, most importantly, misalignment compensation (e.g. [59]
with a 3° angular misalignment capability).

The control of the motor will be performed, as mentioned, using an A4988 IC, which
will be paired with an Arduino Nano [60] to serve as a computer interface through a USB
connection. This motor controller allows for micro-steps down to 1/16"" of a motor step
(corresponding to 3200 steps/rev of the motor and a minimum step length of 250 nm for
the chosen stage screw). The Arduino Nano will also implement the low-level control of
the stage, driving the potentiometer knob for manual control of the stage and a linear Hall-
effect sensor [61] for home position calibration of the stage. All of these control capabilities

will be implemented in a compact PCB.
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All that remains now is to design the physical interface between all the parts. Here,
solutions must be developed to fix the stage, motor, control PCB and wedges in a conve-
nient and compact manner. For this, custom CNC parts will be manufactured. We will go

into detail on this in the following section.

4.3.2 CNC Part Design

The development of the custom translation stage required the design of CNC parts which
help make the stage more compact, easy to assemble and facilitate integration in a prod-
uct. Here, parts have been designed to fix the moving platform, the stepper motor, the
glass wedges and the control PCB. A base has also been designed to place all the compo-
nents together in order to arrive at a convenient single mechanical assembly.

A schematic of this assembly can be seen in Fig. 4.1. Here, we can see the placement
of the moving platform which is attached to the base through four M4 screws. A custom
designed motor holder is attached to the base by two M3 screws and secures the motor
through four M2 screws. The motor is connected to the ball screw of the manual stage
through the coupler mentioned above. The control PCB is also conveniently secured to
the base of the stage. Two custom mounts were designed to hold the glass wedges using
nylon tip M4 screws. One of these mounts is attached to the base part in the shown
position, holding the fixed wedge, while the other is placed on the moving platform.
Finally, we can see the M6 holes on the base which will be useful when fixing the stage to
an optical table. To fulfil the requirement for compatibility with 5° or 10° glass wedges
the stage must be placed on the optical table at the same angle so that the moving wedge
is displaced perpendicular to the incidence of the laser beam. For this, the bottom hole
acts as a pivot while the other two serve as a choice for the different angle of the wedges.
These holes are also placed on a 25 mm grid for compatibility with a metric optical table.
Finally, the whole base of the assembly determines the total footprint of the device as
186.3 mm x 74.4 mm.

Furthermore, the CNC parts designed to mount the glass wedges on the translation
stage can be seen in Figs. 4.2 and 4.3. These mounts secure the wedges using nylon tip M4
screws which attach from the top of the CNC parts. They can then be secured either to the
moving platform of the stage (Fig. 4.2) or the base of the assembly (Fig. 4.3), by normal
M4 screws. In the design of these parts it was important to take into consideration the

height of the moving platform relative to the base of the stage, since it is required that the
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FIGURE 4.1: CNC part design for the base of the translation stage. The positions of the
several components of the stage are marked on the image.

two glass wedges are at the same height, after they are mounted on the translation stage.
Besides that, the mount for the movable wedge was designed with the intricate shape
shown in the figure so that it able to go over the motor coupler and holder thus enabling

the use of the full travel range of the device.

VW

FIGURE 4.2: CNC part design to hold FIGURE 4.3: CNC part design to hold
the movable glass wedge. the fixed glass wedge.

4.3.3 PCB Design

In order to incorporate all the electronic hardware required to control the stage and im-
plement the required features, a custom PCB was designed. Following the previously
established rules for the design of a manufacturable PCB, we obtained the layout shown
in Fig. 4.4.

In designing the PCB, it was important to integrate the Arduino, the A4988 controller
board and interfaces for the motor, home position sensor and manual knob.

As per the design rules mentioned above, the motor power input is driven through a

decoupling capacitor, this time of 100 uF, due to the higher power.
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The manual knob is implemented using a potentiometer, powered by the Arduino and
directly connected to one of its GPIO pins. By measuring the signal on this pin, one can
linearly vary the translation speed of the stage, via the Arduino.

On the other hand, the linear Hall sensor used for calibrating the home position of
the stage, is read through a more complicated electrical circuit. This consists of a voltage
comparator such as the one in Fig. 4.5. The circuit uses an operational amplifier (OP-
AMP) to compare the voltage levels from the Hall sensor and a voltage divider controlled
by a trimmer potentiometer. While the platform of the stage, which holds a small magnet,
approaches the Hall sensor, its output voltage varies linearly. When this voltage reaches
a level higher than the one provided by the voltage divider, the OP-AMP switches and
a signal is sent to the GPIO pin on the Arduino. The trimmer potentiometer enables the
control of the position on which the triggering of the OP-AMP occurs, thus setting the
reference point for the home position of the stage.

Furthermore, the final designed board should be as compact as possible, thus both
sides were used to place components. The PCB was designed so that the Arduino should
be placed from the bottom, with the USB connection on the right side of Fig. 4.4. The

motor controller and all other components should be placed from the top.
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FIGURE 4.4: Control PCB for the cus- GND
tom translation stage.

FIGURE 4.5: Voltage comparator cir-
cuit for the reading of the linear Hall
Sensor.

4.4 Prototype Assembly

In this section we will provide a step-by-step overview of the assembly of the developed

custom translation stage prototype.
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The first step in the assembly is to place the manual stage on the base with the cor-
responding M4 screws. At this point, no screws should be tightly secured since the ball
screw of the stage must later be aligned with the vein of the motor.

Then, the motor holder should be attached to the base of the stage using the two fixing
points. The motor coupler can now be attached to the motor and this assembly placed in
its corresponding place, connecting the motor to the holder and the coupler to the manual
stage ball screw.

At this point, an alignment of the motor with the manual stage must be performed
by connecting the control PCB and turning the motor at a slow speed to watch how the
rotation of the motor is being translated to the moving platform. If the coupler oscillates
in any direction, an adjustment must be performed in the relative positions of the motor,
motor holder and manual stage. This is critical in minimizing oscillations during any
measurement that uses the stage. After performing this alignment, all the screws should
be tightly secured so that the assembly is fixed.

The control PCB can now be secured to the base of the stage, using the three M3
mounting holes with adequate spacers so that the Arduino controller is not touching the
base of the stage. Here, the home sensor must be positioned on the manual stage, on the
opposite end from the motor, being careful to leave the correct side of the sensor facing the
moving platform, since this is a directional sensor. A small 5mm X 5mm X 2 mm magnet
must be glued to the side of the moving platform to trigger the hall sensor.

Finally, the glass wedges can be placed on the assembly. In doing this, the wedges
should be placed on the mounts using a flat surface so that the face of the wedges is
parallel to the mounts. The wedges should be tightly secured to the mounts using the
nylon tip screws to minimize their movement during displacement. When placing the
wedge assemblies on the stage, they should be first roughly tightened - respectively to
the moving platform and the base of the stage - so that they can later be aligned to be
parallel to each other, allowing the beam to leave the wedge pair in the same direction as

it enters.

4.5 Control Software

As mentioned above, the developed translation stage is controlled by an Arduino Nano,

capable of interfacing with the motor controller, the manual knob potentiometer and the
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Hall sensor. In this section, we will go into detail on how this control was achieved, in
terms of software.

The software developed to control the translation stage is divided in two main blocks:
the Arduino code and the C++ library. The Arduino is coded to perform the most basic
functions of the stage, by providing a low-level interface with the motor and sensors. On
the other hand, the C++ library implements the functions necessary to integrate the device
in a product.

The Arduino code implements the functions listed below:

void SetResolution(int N_div);

Sets the resolution of the stage in N_div subdivisions of the motor step.

void SetDirection(bool Dir);

Sets the direction of the movement of the stage.

void Step(int N_steps);

Moves the stage in the defined direction and with the defined resolu-

tion, N_steps number of steps.

void Home (void);

Moves the stage to the home position by continuously reading the signal
from the Hall sensor comparator circuit while moving the stage in the

home direction.

On the side of the computer, the C++ library establishes USB communication with the
Arduino and sends commands to execute the functions shown above.

Besides that, the library implements the counting of the steps of the stage. It does
this by first performing a home calibration of the stage, setting the step position to zero.
The library then assumes that the stage travels the correct number of steps sent through
the stepping command to the Arduino and updates a variable accordingly. By using the
stored position of the stage, the library also implements a function to move the stage to a
specified, absolute, position anywhere in the travel range.

However, this approach has the disadvantage of not accounting for the missed steps

that sometimes occur during the travel of the stage but is accurate enough for the purpose
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in mind. If one desires to more carefully track the position of the stage, an encoder should
be added to the design, in the future.

Finally, by taking the developed C++ library and adjusting it to fit the existing d-scan
software, we achieved an interface capable of controlling the custom stage through the
d-scan software. The developed code was tested by using the d-scan software not only to
perform the d-scan measurements of a 7 fs ultrafast oscillator but also to acquire the data

during the interferometric measurements.

4.6 Experimental Setups

This section will focus on detailing the experimental setups used to characterize the de-
veloped prototype of a custom translation stage. To do this, two setups were used: a

michelson interferometer and a typical d-scan.

4.6.1 Michelson Interferometer

We began by using a Michelson interferometer setup. This kind of experiment allows
for the characterization of the step length of the translation stage. A classical Michelson
interferometer consists of a beam splitter which divides the incident light into two arms
making a 90 ° angle. Each of these arms ends on a plane mirror which reflect the light back
through the arm. The two beams are then made to coincide and thus interfere, forming
circular fringes. Fig. 4.6 represents such a setup.

The interference pattern is typically changed by actuating on one of the mirrors, chang-
ing the effective distance one of the split beams has to travel, relative to the other. The
interference pattern is highly coupled to this difference in distance between the two arms
of the interferometer. The phase difference, A¢, between two waves is dependent on their
wavenumber, k, and on the optical path length (OPL) difference between them, AOPL
(Eq. 4.1). The maximums of the interference pattern occur for constructive interference
(when the waves are in phase) and thus for differences in OPL of integer multiples of the
wavelength of the light, AOPL = mA (Eq. 4.3). Since the OPL difference in the interferom-
eter is achieved in reflection, the maximums of this interference pattern actually occur at

intervals of A /2.
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FIGURE 4.6: Michelson interferometer setup for the testing of the translation stage reso-

lution. A HeNe laser beam is split by a beamsplitter (BS) to the two arms of the interfer-

ometer, hitting mirrors M1 and M2. By controlling the thickness of glass in the path of

the beam in one of the arms, the optical path length along that arm is changed, altering
the interference pattern of the two waves.

A¢ = kAOPL = %AOPL (4.1)
Aax = 2m7,m = 0,41, +2, .. (4.2)
AOPL = mA (4.3)

However, in order to sample the interference pattern with enough points to allow
for the characterization of the translation stage step size, it is important to perform sev-
eral of these steps between each maximum of the pattern. A helium-neon (HeNe) laser
(A =632.8nm) will be used as the light source for the interferometer, corresponding to
an OPL difference between maximums of 316.4nm. Thus, if the translation stage was
used to actuate on the position of one of the mirrors on the interferometer, not even two
data points could be acquired between maximums of the interference pattern, taking into
account the 250 nm minimum step length of the stage.

Instead, a glass wedge pair is used to achieve OPL steps of less than the step length of
the stage. Following Eq. 2.9, we can see that, using glass wedges of & = 10°, a movement
of the translation stage in the x direction, in the minimum step length allowed, Ax =
250nm, corresponds to an insertion value of Ay ~ 43nm. The difference in refractive

indexes between air and the glass of the wedges (fused-silica) must be taken into account
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and thus the resulting optical path length difference is AOPL = (nps — 1) - Ay = 20nm

for each step of the stage.

4.6.2 d-scan Setup

The second experimental setup used to test the stage is the direct application of the device
in the d-scan technique as the translation stage in Fig. 2.6. This experiment will be used to
characterize how the phase retrieval algorithm supports the use of the custom translation

stage. This aims to test the viability of using the device in a future d-scan product.

4.7 Results

In this section, we will elaborate on the results obtained from the two experimental setups
mentioned above. We will begin by analysing the data from the Michelson interferometry
experiment. Then, some d-scan measurements will be performed so that the device can
be evaluated directly in the application for which it was designed.

Finally, we will also analyse the fulfilment of the set requirements, thus having a figure

of merit to conclude on the effectiveness of the development process.

4,71 Michelson Interferometer

The Michelson interferometry experiment was conducted by repeatedly moving the cus-
tom translation stage carrying the fused-silica glass wedge and measuring the intensity
of the interference pattern at each step. This provides us with a plot of interference inten-
sities vs step number of the stage. If the stepping of the stage is perfectly performed, this
plot should be close to a sinusoidal function with maxima at well defined intervals. The
number of steps between these maxima is directly proportional to the size of each step
thus providing a measure of the actual step length of the stage.

In Fig. 4.7 we can see the plot of the number of points between each maximum for
such a scan of the interferometer measure. In the figure, we have also plotted lines for
the mean and one standard deviations from the mean value. By taking the mean value
of 17 steps and using the relation established above, we can see that this number of steps
corresponds to a variation in optical path length of AOPL = 340 nm. For a HeNe interfer-

ometer of this type, the maxima should occur at an OPL distance of 316.4nm (A /2). Thus,
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the average number of steps between each maxima in the interference pattern resulting

from the experiment agrees with the expectation with an error of only 7.46 %.
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FIGURE 4.7: Number of stage steps between each maximum of the interference pattern of

the Michelson interferometer. Notice the mean number of steps between each maximum,

17 steps and that most points are within one standard deviation (4 steps, in this case) from
the mean.

Furthermore, the standard deviation of 4 steps from the average 17 steps indicates that
the step length could potentially vary 23.5 % over a distance of ~4 pym (17 steps times the
step length of 250 nm). If this is true over the usual step lengths used for d-scan measure-
ments (>100 pm), this instability could pose a threat to the developed stage being used
with the technique. However, the instability does not usually translate over to larger step
lengths since the movement is more continuous for longer distances. This observation
is common in state of the art translation stages. Finally, this experiment also reveals an
initial error of the step size - shown by the first peak in Fig. 4.7 - possibly associated with
a mechanical imperfection of the stage, but which was not further investigated since the

achieved performance was sufficient for use with d-scan systems.

4.7.2 d-scan

The d-scan measurements made with the custom translation stage aimed to evaluate the
capability of the device functioning properly in a d-scan application. Thus, it was im-

portant to assess if the d-scan algorithm was capable of accurately retrieving the phase
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of the pulse, when a scan was made with the custom stage. For this, several scans of a
Ti:Sapphire oscillator were performed. Fig. 4.8 shows one of the scans performed.

We can immediately see from the figure that the retrieval algorithm behaves rather
well when the scan is performed with this stage, reaching a root-mean square (RMS) error
of 1.8 %. This is to be expected since we know from previous experience that the algorithm
is robust when it comes to oscillations in the step size [62]. Furthermore, these scans
were made along a 6 mm scan range, with 128 steps, equally spaced at a step length of
46.875um. As mentioned above, the stage is expected to be more stable at these step
lengths much larger than the minimum one.

In order to have a statistical analysis of the behaviour of the stage, several scans were
performed in the same characteristics as the one in Fig. 4.8. These scans resulted in an
average RMS error of 2 % for the phase retrieval and a constant pulse width of 8.58 fs with

an average peak power of over 95 %.
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Figure 6.2: SHG d-scan retrieval results and resulting pulse in the spectral and time domain. (Top-left) Measured, calibrated d-scan trace. (Top-right) Retrieved d-scan trace. (Bottom-Left) Red line: Measured linear
spectrum. Blue line: Retrieved spectral phase. Black line: 4th order polynomial fit of the spectral phase. (Bottom-right) Dashed green: Temporal intensity profile of the transform limited pulse. Light Green: Temporal
intensity profile of the measured pulse. 19:09:37), High

FIGURE 4.8: Result of performing a d-scan measurement with the developed translation
stage.

These results show consistency of the translation stage during multiple scans and thus
indicate that it would be feasible to include the developed device in a d-scan product,
provided more robustness tests are applied to the stage. Such a test would be to run the
stage for several hours, in a back and forth motion and then performing another set of d-
scan measurements. This would allow us to conclude on the repeatability of the stepping
mechanism after being used for a long time. It would also provide us a measure of the
lifetime of the device in terms of travelled kilometres, a common specification given by

translation stage manufacturers.
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4.7.3 Requirements Fulfilment

The evaluation of the fulfilment of the set requirements is paramount in determining
whether the developed device will be able to perform the functions for which it was de-
signed.

The first set requirement for the custom translation stage was to achieve a minimum
step length of 100 pm. As confirmed by the Michelson interferometer experiment, the
minimum step length of the stage is close to the 250 nm limit from the choice of ball screw
and motor controller, which allows us to verify the fulfilment of this requirement.

Furthermore, the selection of a manual stage with a travel range of 65mm, as a com-
ponent of the developed motorized stage allows us to achieve a larger travel range than
the specified 50 mm.

Even though the maximum speed of the stage was not directly measured, since the
set requirement can only be achieved in a continuous stepping mode and only stepping
scans were performed (small steps intrinsically take more time due to stopping/starting
the stage). Future work can be perform to verify the requirement set in terms of maximum
speed of the stage.

The developed translation stage features a footprint of 186.3 mm x 74.4 mm, which is
within an acceptable margin from the specifications since the glass wedges for a d-scan
application can be directly mounted in this space.

Communication was established with the stage using the specified USB connection.
A C++ library was built to control all the features of the stage (e.g. stepping, setting
resolution, home calibration) via a computer. This library was also adapted to support
integration in the d-scan software.

Furthermore, the total assembly of the translation stage can be mounted on a metric
optical table at the angles of 5° and 10°. By designing custom mounts, we also achieved
the integration of the glass wedges directly on the stage, thus providing an ease of inte-
gration advantage when compared to stage of the art translation stages built for general
purposes.

A home calibration sensor was integrated in the stage to define a reference point to be
used when tracking its position. A knob potentiometer was implemented as a means of
manually moving the stage in any direction and with controllable speed, without the use

of a computer.
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Finally, the total cost of the developed translation stage is below the set threshold of

500 € which makes this device a more cost-effective alternative to the market available

products.
#  Requirement Achieved State of the Art
1 Resolution Yes. ~250 nm. 47nm. Overdefined for
this particular application.
2 Travel Range Yes. 65 mm. 50 mm.
3  Maximum Speed Acceptable for the applica- 7mm/s.
tion. Not quantified.
4  Size Yes, within an acceptable 172.9mm x 65.0 mm.
margin. 186.3mm X 74.4
mm.
5 Communication Interface Yes. USB. RS-232 /USB.

6  Optical Table Support Yes. At5°and 10° angles. No direct support for

mounting at a custom

angle.

7 Glass Wedge Support Yes. Direct integration. Requires additional cus-
tom parts.

8  Home Calibration Yes. Yes.

9  Manual Control Yes. Yes.

10 Price Yes. <500<€. More than 3x as much.

TABLE 4.2: Fulfilment of set requirements for the development of a high precision trans-
lation stage.

4.8 Chapter Review

In Chapter 4 we detailed the development of a custom high precision translation stage
fitting the need of the d-scan technique.

Firstly, we compiled a detailed list of requirements for the device which served as an
essential starting point for the design of the product. These requirements later served as
a figure of merit to characterize the device.

We then moved on to designing the translation stage. We began by clearly defin-

ing the architecture of the product taking into account the set requirements in the choice
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of components. A manual translation stage with a travel range of 65 mm and a screw
lead of 0.8 mm/rev was adopted together with a bipolar stepper motor which provides
200 steps/rev. These two components are coupled by a flexible shaft coupler which com-
pensates for misalignment of 3 ° between the two components. Here, we also established
that the control of the stage would be performed using an A4988 IC, capable of dividing
the step of the motor down to 1/16"" of a full step and an Arduino Nano which will be
the interface between the motor controller, a home calibration Hall sensor, a potentiometer
knob for manual control of the stage and the computer which connects to the device.

Then, we provide an overview of the design of custom CNC parts to be used in the
translation stage. We show how all the components of the product are compactly mounted
on a base capable of being mounted to a metric optical table. This assembly also supports
the direct use of 5° and 10° glass wedges for the d-scan application, through custom
designed mounts.

During the design phase we also developed a PCB which fits all the electronic com-
ponents required for the driving of the motor and sensors in a compact board. Here, a
voltage comparator circuit was designed to serve the purpose of setting the home position
of the stage, together with a Hall sensor.

We then moved on to detailing how all the parts should be put together during the
assembly of the product. We provide step-by-step instructions on the mounting of the
manual stage, the stepper motor, the coupler which connects the two, the control PCB
and, finally, the glass wedges.

In order to correctly function with a computer interface, control software has been de-
veloped in the form of Arduino code and a C++ library. We show what low-level functions
the Arduino code implements to control the stage and provide insight on the function of
the C++ library that would later be adapted to work with the existing d-scan software.

Furthermore, we detailed to experimental setup used to perform an interferometric
measure of the minimum step size of the stage. A HeNe laser Michelson interferometer
was assembled. However, instead of coupling the translation stage to one of the mirrors,
we took advantage of a glass wedge pair, perpendicular to the beam on one of the arms of
the spectrometer, to reduce the change in optical path length of the light, when the step-
ping of the stage is performed. This helps us in acquiring multiple data points between
each maxima of the interference pattern since, when using the minimum step length of

the stage, 250 nm, we are effectively changing the OPL in steps of AOPL ~ 20nm. On the
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other hand, a typical d-scan setup was implemented in order to test the robustness of the
developed stage in performing a dispersion scan.

The results of these two experiments are then presented. The Michelson interferometer
measurement allowed us to conclude that each maximum of the interference pattern oc-
curs at an average distance of 17 steps which corresponds to a variation in OPL of 340 nm.
We can see that this corresponds to a 7.46 % error, by taking into account the wavelength
of the HeNe laser (A = 632.4nm) and because the maxima are expected to occur at a dis-
tance of A/2. Moreover, this measurement provides a standard deviation from the mean
of 4 steps. This is a rather large 23.5 % deviation and could potentially be a problem when
using larger step lengths, such as in the d-scan technique. However, this instability is
common in state of the art translation stage and is not expected to translate to larger step
values.

D-scan measurements were also performed with the custom translation stage, provid-
ing insight into the feasibility of using the device with the technique. The several per-
formed scans provided an average RMS error of 2 % for the phase retrieval algorithm and
all showed a pulse width of around 8.58 fs and a pulse peak power of over 95 %. These
results are promising in the sense that they show consistency throughout scans. How-
ever, more testing should be performed in the future, mainly in determining the physical
robustness of the developed stage and in measuring the expected lifetime of the product.

Finally, we evaluated the fulfilment of the set requirements for the custom product.
We can say that all the requirements have been fulfilled with the exception of the maxi-
mum translation speed which was not directly measured but is expected to be within the

specifications.



Chapter 5

High Resolution InGaAs

Spectrometer

5.1 Introduction

Here, we will look in detail into the InGaAs, high resolution prototype spectrometer, de-
veloped as part of this project.

We will begin by defining the requirements for the device taking into consideration
both the current state of the art for this kind of spectrometer and the needs of the d-scan
application.

Afterwards, we will explain the design process of the prototype, walking the reader
through the chosen geometry of the device, the ray tracing simulations used to define
the positions of the different optical elements and, finally, through the design of custom
optical mounts.

Furthermore, a table-top demonstrator was assembled in order to verify the geometry
and concept of the device.

The resulting prototype will then be detailed. We will first show how the device was
assembled, explaining the experimental setup used to tune, calibrate and assess the per-
formance of the device. We will conclude by presenting some spectra of different light
sources acquired with the device, establishing a comparison between the developed pro-

totype and a state of the art product.
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5.2 Requirements Analysis

The development process of the InGaAs spectrometer began with the clear definition of
the requirements of the device. This definition was based on the current state of the art
for spectrometer of similar characteristics and on the d-scan application needs. The result
of the requirement analysis is shown in Table 5.1 and in Appendix A.

The first requirement set for the spectrometer is the spectral range, which is, perhaps
the most important feature of the device. We define that the wavelength range should be
of [900 — 1700]nm.

We then define that the device should achieve a resolution of 3nm, across the whole
spectral range. This is extremely important in the d-scan application.

Furthermore, the device should be compact enough to be integrated in a d-scan com-
mercial product. We thus set the maximum size of the spectrometer to 85.0 mm x 125.0
mm X 50.0 mm.

Besides that, the device should support a SMA optical fiber to be used as its input.

The production cost should also be kept under a budget of 3500 €.

Finally, it desirable that the device feature a self-managed library to interface with a

Windows computer and that it supports the use of an external TTL trigger.

# Requirement Description Priority

1 Spectral Range Support a wavelength range of [900 — 1700] Mandatory
nm.

2 Resolution Achieve a resolution of 3 nm. Mandatory

3 Size Achieve dimensions no more than 85.0 Mandatory

mm X 125.0 mm x 50.0 mm.

4 Optical Fiber Connector Support SMA optical fiber input. Mandatory

5 Cost Keep the total cost of the device under abud- Mandatory
get of 3500 €.

6 Software Self managed library to interface with a Win- Desired

dows computer.

7 External Trigger Support external TTL trigger. Desired

TABLE 5.1: Technical requirements for the development of an InGaAs spectrometer.
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5.3 Design

5.3.1 Optical Design

The first step in the design phase of the InGaAs spectrometer is the definition of the optical
configuration of the device. This definition is based on a custom take of the Czerny-Turner
geometry. Instead of using two spherical mirrors, we make use of a parabola to fold the
beam 90° from the entrance slit to the diffraction grating, as can be seen in Fig. 5.1. By

using this approach, we are able to reduce the overall footprint of the device.

Entrance Focusing
Slit Mirror

A\

InGaAs
Detector

\‘ \ \\ Mﬁraction

y w \/ Grating
X Collimating

Parabola

FIGURE 5.1: InGaAs spectrometer geometry. The footprint of the device is reduced by
using a collimating parabola instead of a more typical spherical mirror.

In order to define the various distances and angles between the optical elements, ray-
tracing simulations were developed using the Optometrika Matlab package [63]. These
simulations aim to achieve a spectrometer design with the required wavelength range
and resolution.

Taking into account the described geometry, we can make some considerations which
will reduce the complexity of the simulations without impacting the final result. Firstly,
by observing Fig. 5.1 one can see that, if the slit and parabola are well aligned (see Sec. 5.6
for details on what this means), the rays exiting the parabola are collimated. This means
that we can place the source rays of our simulation on the parabola position without loss
of generality. Secondly, since these rays are collimated, we see that the distance from the
parabola to the diffraction grating is not critical to the operation of the device and should

thus be left as a free parameter.
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We are then left with five simulation variables: the angle of the diffraction grating,
the angle and position of the focusing mirror and the angle and position of the detector.
However, since these variables are all closely coupled, a simulation which computes all
of them simultaneously would be too troublesome to implement. Furthermore, we can
use a mere approximation of the parameters during the design process, since they can
be further adjusted during the assembly process of the device. Thus, the variables were
estimated using a combination of computational calculations and manual adjustments,
for simplicity.

The following will go into detail on how the several possible adjustments of the sim-

ulation parameters impact the final result of the device.

5.3.1.1 Diffraction Grating Angle

Firstly, the angle of the diffraction grating can be shown to have a great impact on the
spectral range of the spectrometer. A rotation of this angle effectively changes the incident
angle 0; in Eq. 2.10 and thus impacts the output reflected angle, 6,,, of each wavelength, A.
If the position and angle of the focusing mirror are both fixed, the range of wavelengths
that hit the mirror surface is thus changed by a rotation of the diffraction grating angle,

subsequently altering the spectral range of the light hitting the detector.

5.3.1.2 Focusing Mirror Position

The position of the optical elements on the bench will be explained using the coordinate
system in Fig. 5.1. It can easily be seen that moving the focusing mirror in any direc-
tion has several consequences. Firstly, if moved in any direction, the spectral range of the
obtained spectrum is changed, if we use the same reasoning as with the rotation of the
diffraction grating. Secondly, moving the mirror along x direction impacts the critical fo-
cusing distance between the mirror and the detector, which needs to be taken into account
when placing both of these elements. Finally, the mirror - and mirror mount - must not
physically cover the beams travelling from the entrance slit to the parabola and from the

parabola to the diffraction grating.
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5.3.1.3 Focusing Mirror Angle

The focusing mirror angle is, as mentioned, closely coupled with both the angle of the
diffraction grating and the angle of the detector. A change in the angle of the focusing mir-
ror implies a change in the wavelength range that hits the detector. Because of this, that
change must be compensated by a change in the angle of the diffraction grating, in order
to guarantee that the spectral range of the device remains unaffected. These changes are
also important in guaranteeing that the resolution of the spectrometer is nearly constant
along the whole spectrum. Thus, for a single detector angle there is a unique combination
of focusing mirror and diffraction grating angles which achieves the best resolution across
the entirety of the desired spectral range.

Furthermore, this angle is also important in compactly placing the detector mount,

behind the diffraction grating, ultimately reducing the footprint of the device.

5.3.1.4 Detector Position

The detector position should reflect the choices made for the other variables presented
above. Firstly, the detector must be placed away from the focusing mirror at a distance
that is approximately the focusing distance of this element. However, the focus of the
spherical mirror is astigmatic, due to the nature of the spectrometer geometry, which can
be used to our advantage in improving the resolution of the device, if the distance be-

tween the two elements is chosen such that the beam spot is as shown in Fig. 5.2 a).

a) b) C)

X y X

FIGURE 5.2: Astigmatic focus on the detector. By increasing the distance between the
mirror and the detector, the beam spot on the array goes from a) to b) to ¢) where the b)
position is for the exact focusing distance of the mirror. Beam spot sizes are not to scale.

A
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5.3.1.5 Detector Angle

Finally, the detector angle helps reducing the path difference for rays incident on opposing
sides of the focusing mirror, thus allowing all rays from any specific wavelength to be

focused on the same spot on the detector.

5.3.1.6 Optical Design Results

After taking into consideration all of the determinant factors explained above, we arrived
at the following results from the ray-tracing simulations. In Fig. 5.3 we can see the path of
the design central wavelength, 1300 nm, through the various optical elements. Notice that
the source rays are originating from the parabola position and they are assumed to be col-
limated by that element, thus neither this element nor the entrance slit are present on the
simulation. An important take from Fig.5.3 is that the rays are focused on approximately
the center of the detector, as desired since their wavelength should mark the center of the
spectral range.

We then moved on to performing a simulated scan of the spectral range in order to
estimate the resolution of the device. Fig. 5.4 shows the result of such scan. We can
imediately notice that the peaks are well defined across the whole spectrum, having a
FWHM of approximately 3 to 4 pixels. However, we can also discern that the peaks of
a smaller wavelength (900 nm and 1100 nm) are slightly less resolved than the other two.
Even though the overall resolution of the peaks could be improved by further actuating
of the simulation variables, these parameters can be later optimized in the calibration of

the final device and are thus left unchanged at this stage.

InGaAs Detector

Focusing Mirror

. . N 1500nm
Diffraction Grating
1300nm

400 F 1100nm

900nm

Ray-traced Intensity (counts)

o

100 200 300 400 500
Pixel #

FIGURE 5.4: Resolution prediction of
peaks across the simulated spectral
range of the designed spectrometer.

FIGURE 5.3: Ray tracing of the cen-
tral wavelength of the spectrometer,
1300nm.
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5.3.2 CNC Part Design

The next step in the design process of the spectrometer was the 3D drawing of the custom
parts required for the prototype. A computer numerical control (CNC) machine allows us
to manufacture custom designed parts. By manufacturing the optical component mounts
using the CNC technique, we can design parts with a small footprint.

Additionally, we can design the mounts according to the required adjustment points
for each optical component, thus facilitating the assembly and tuning of the device (see
Sec. 5.9).

A custom enclosure was also designed to ensure the robustness of the device. In order
to accurately place the optical component mounts, several grooves were machined on the
base of the enclosure. These placement references are of extreme importance during the
assembly of the prototype (see Sec. 5.6).

The 3D part design results can be seen in Fig. 5.5. We can see that the final design of
the device features an external size of 120.0 mm x 75.0 mm x 47.0 mm, if we disregard the

protruding of the PCB, which can be replaced in a future version of this spectrometer.

35mm

18mm

FIGURE 5.5: Result of the 3D drawings of the prototype spectrometer.

The custom mirror mount for the 1" focusing mirror is also presented in Fig. 5.5. The
mount is composed of two parts (front and back) which are connected through the use
of springs attached to small metal pins, inserted on the designed slots (seen on the front
piece, in the figure). By doing this, the assembly supports several degrees of freedom
on the movement of the component due to the three adjustment screw positions, on the

corners of the mount. This use of separate parts, with springs and screws as connectors,
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is common among commercial mirror mounts, however, none of the considered ones are
as compact as this one, with dimensions of 35.0 mm x 18.0 mm x 35.0 mm (for 1" optics).

This compact design enables the reduced size of the developed spectrometer.

5.4 Table-top Demonstrator

5.4.1 Assembly

The next step in the development process it to verify the ray-tracing simulations and make
sure that the device is feasible, using a table-top demonstrator. However, this assembly
is still far from the final device since it uses commercially available mounts to place the
optical elements, instead of custom designed ones. Due to this reason, the demonstrator
was larger in size and much harder to implement than the final prototype due to physical
restrictions originating from the commercial mounts.

The optical components used in this assembly are the following;:

Entrance slit: 1", Wy = 50 pm

Parabola: 1"

Diffraction grating: 25 mm x 25 mm

Focusing mirror: 1" spherical silver mirror

InGaAs detector: N, = 512 pixels, W, = 25 ym

In order to assemble the demonstrator, a reference alignment beam from a helium
neon (HeNe) continuous wave (CW) laser was used. The process begins with the align-
ment of the entrance slit and the collimating parabola. We then moved on to placing the
diffraction grating on the center of the beam coming from the parabola at a convenient
position, since this is not a critical distance to the alignment of the device. Afterwards,
we roughly positioned the focusing mirror so that the second order reflection from the
grating (2A = 1265.6 nm, close to the 1300 nm design central wavelength) was centered
on the mirror. Finally, the detector was placed close to the focusing distance of the mirror
and at, approximately, the simulated angle. The alignment process of the device will be

further detailed in Sec. 5.6.
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5.4.2 Table-top Demonstrator Results

At this point, we switched the light source to a mercury pen lamp [64] in order to observe
the emission spectrum on the spectrometer. After careful tuning of the diffraction grating,
focusing mirror and detector, we arrived at the spectrum in Fig. 5.6. We can easily notice
that the resolution of the device is far from being ideal since the spectral lines have a
FWHM of approximately 20nm, far from the 3nm proposed as the requirement of the
device. However, this can be justified by the physical constraints existent in the table-top
assembly itself. Since the distances between the optical elements are relatively small, they
are impossible to be attained with the commercially available posts and mounts used in
this demonstrator. Furthermore, we had no method of precisely measuring the distances
and angles between the optical elements in order to place them in the simulated positions.
Because of this, we accepted the result in Fig. 5.6 as a mere indication that the concept of
the device is achievable, using the same geometry as in the ray-tracing simulations. We
can thus assume that the results from the simulations will transfer to the final product,
using the custom designed mounts and enclosure which allow us to precisely place the

optical components.
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FIGURE 5.6: Hg lamp hot spectrum acquired with the table top demonstrator.
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5.5 Optical Component Choice

In order to fulfil the requirements set for the spectrometer under development, several
changes had to be made regarding the optical components used in the table-top demon-
strator, when the development moved to the prototype phase.

Firstly, the entrance slit used in the demonstrator is not adequate to allow for a 3nm
resolution. According to Eq. 2.11, a 50 um entrance slit achieves a resolution of 9.4 nm,
using the same detector - 512 pixels, 25 pm pixel width - and the same wavelength range
- [900 — 1700]nm. Therefore, the entrance slit used in the prototype should have a width
of 15 um, which allows for a resolution of 2.8 nm.

Furthermore, the parabola was changed to a 1/2" diameter one and the diffraction
grating changed to a 1/2" x 1/2" one, in order to achieve the most compact design as
possible.

The final list of components for the prototype spectrometer is, thus, as follows:

Entrance slit: 1", Wy = 15 um

Parabola: 1/2"

Diffraction grating: 1/2" x 1/2"

Focusing mirror: 1" spherical silver mirror

InGaAs detector: N, = 512 pixels, W, = 25 ym

5.6 Prototype Assembly

Having selected the components and manufactured the custom mounts, we may begin
with the assembly process of the prototype. This process began in the same way as with
the table-top demonstrator: with the alignment of the parabola. The first step is thus to
attach the parabola to the custom design mount and securing the assembly to the base of
the spectrometer, making sure to use the reference grooves.

In order to facilitate this alignment and to serve as a reference for the rest of the assem-
bly, a HeNe laser was used. Two guiding mirrors were used to make the beam parallel to
a line following the holes on the surface of the optical table and to center the beam on the
parabola. This process allows us to align the parabola so that the reflected beam is both

perpendicular to the reference one and parallel to the table. It is important to note that
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each time the parabola is moved, one should recenter the reference beam on the parabola
while keeping it parallel to the optical table. If this step is disregarded, one could be mis-
aligning the parabola and causing unwanted aberrations on the final product, due to the
parabola being aligned for an off-center beam and not the centered one coming from the
entrance slit.

The next step in the process is the alignment of the entrance slit with the parabola. In
this step we must consider that the entrance slit should be aligned with the center of the
parabola while at the same time being aligned with the center of the fiber coupling hole
on the outside walls. With these two goals in mind, we designed a 3D printed part to
place the slit exactly aligned with the fiber input.

In order to align the slit, the device was placed close to the second guiding mirror
for the reference beam. By inciding this beam on either the parabola or the entrance slit,
one can observe the diffraction pattern and use it to align the slit and parabola assembly.
If the centers of the two elements are not both coincident with the beam, the diffraction
pattern will appear focused on one side and blurry on the other. This is better observed by
inciding the reference beam on the parabola and observing the image of the slit far away
from the assembly (see Fig. 5.7 a)). Furthermore, if the slit is tilted to either side, both the
individual lines and the whole pattern will reflect that and have the same tilt. To observe
this, the entrance slit can be imaged on a surface close to the assembly by, again, inciding
the reference beam on the parabola (see Fig. 5.7 b)). Finally, one can rotate the device by
90° in order to incide the reference beam on the entrance slit and observe the diffraction
pattern of the slit after the light is collimated by the parabola. This setup allows us to
finely adjust the tilt of the entrance slit by making the diffraction pattern lines parallel
and vertical. It also allows for the adjustment of the center alignment of the two elements
since the pattern lines will appear to curve, and not be completely vertical, if there is any
misalignment in this parameter (see Fig. 5.7 c)).

The following step in the assembly requires the placement of the grating. After gluing
the grating to the custom designed mount, we placed the optical component on the base
of the device and identified the diffraction orders by observing the relative intensity of
the reflected pattern - the 1% and 2" orders of the grating are the higher in intensity.

The focusing mirror was then glued to its respective mount and placed on the assem-
bly, once again using the reference grooves on the base of the assembly. Here, we made

sure that the adjustment screws were all in the zero position since this will help in the
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FIGURE 5.7: Slit and parabola alignment diffraction pattern. a) Reference beam incident

on parabola and image of the entrance slit observed far away from the setup. b) Image of

the slit if observed close to the setup. c) Reference beam incident on the entrance slit and
diffraction pattern observed far away from the setup.

alignment of the mirror, by exactly knowing the direction in which we should rotate the
screws. We then repeat the procedure used for the table-top demonstrator and estimate
the position of the diffraction grating by centering its 2°¢ order reflection on the focusing
mirror.

Finally, the InGaAs sensor was placed on the control PCB and mounted on the as-
sembly. The detector mount has no adjustment screws and is thus fixed to the position

resulting from the ray-tracing simulations.

5.7 Control Software

In order to control the spectrometer via a computer and thus be able to integrate it in the
d-scan software, a C++ library was developed to implement the required features. This

library implements the following functions:

DWORD GetNumDevices(DWORD *dwNumDevices);

Retrieves the number of spectrometer devices connected to the com-
puter. This numbering is used to select the device which we want to

control.
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DWORD OpenDevice (DWORD dwDeviceNum, DWORD_PTR* dwDeviceHandler);

Opens a connection with the device selected by dwDeviceNum and asso-
ciates a device handler with that device. The handler will be used by all

the other functions, to control the device.

DWORD GetNumPixels(DWORD_PTR#* dwDeviceHandler, DWORD* dwPixelNum) ;

Returns the number of pixels on the detector of the device. This param-
eter is important in defining the size of the arrays to save the acquired

spectra.

DWORD SetIntegrationTime (DWORD_PTR* dwDeviceHandler, float fIntTime);

Sets the integration time of the device, returning an error if the value

provided is out of bounds.

DWORD SetNumAverages (DWORD_PTR* dwDeviceHandler, DWORD dwNumAver);

Sets the number of averages to be performed for the acquisition of each

spectra.

DWORD GetDark (DWORD_PTR* dwDeviceHandler, INT32% DarkArray);

Waits for the user to cover the entrance of the spectrometer in order to
acquire a dark spectrum. This data can then be subtracted to the ac-

quired spectra to perform a dark calibration of the device.

DWORD GetSpectrum(DWORD_PTR* dwDeviceHandler, INT32* SpectrumArray) ;

Acquires a spectrum, with the set integration time and number of aver-

ages. Saves the spectrum to the SpectrumArray variable.

DWORD CloseDevice(DWORD_PTR* dwDeviceHandler);

Closes the connection to the device with handler dwDeviceHandler.

These functions provide a basic pipeline for the acquisition of spectra using the custom
device. However, more functions are implemented in the library to, for example, save the
spectra to a file and get functions for the integration time and number of averages.

In the future, the library should be able to manage the connection to the device by
using its serial number as a reference. This way, the library could, for example, re-connect

to the device if the USB connection is lost for a brief moment.



CHARACTERIZATION OF ULTRASHORT LASER PULSES:
66 TOWARDS A COST-EFFECTIVE SOLUTION

Furthermore, to help in the tuning process, I developed a Python software which takes
the acquired spectra and displays them on the computer screen. This software computes
and displays the FWHMs of the peaks in the spectra, thus allowing the user to have feed-

back on the impact of the adjustments on the resolution of the device.

5.8 Experimental Setup

In order to calibrate the device and accurately assess its performance, a rigorous exper-
imental setup had to be used. This setup consists of a light source coupled to a NIR
designed optical fiber - 200/230 pm, IR-VIS, multimode - which then attaches to the SMA
connector on the spectrometer (see Fig. 5.8). In this setup, five light sources were used:
a diode-pumped solid-state (DPSS) CW laser, a mercury vapor UV lamp, a tunable CW
laser, a white light lamp and a fluorescent lamp.

The DPSS laser was used due to its well defined wavelength (A = 1064 nm) and high
intensity. This laser will serve as a reference for the wavelength to pixel number matching
and as a measure for evaluating the resolution during the tuning of the device.

Furthermore, the mercury UV lamp provides several lines in the design wavelength
range of [900 — 1700jnm and is thus used to assess the resolution of the device across the
whole spectral range. This light source, together with a fluorescent lamp, will also be used
to establish a comparison between the device under development and a commercially
available spectrometer of the same characteristics.

Finally, the white light source will be used to perform an intensity calibration of the

; Light Source

Optical Fiber

device.

4 )

InGaAs
Spectrometer

o )

FIGURE 5.8: Experimental setup used to tune, calibrate and assess the performance of
the InGaAs spectrometer.
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5.9 Prototype Tuning

The tuning of the device is the most defining step in the assembly since it will ultimately
determine its performance. The main goal of this step is to find the positions for the
grating and focusing mirror to achieve the spectral range and resolution requirements for
the device.

It is important to note that, while performing this tuning, we could be forced to make
adjustments to the parabola tilt and to the position of the slit since they can be much finely
adjusted at this point, once all the other optical elements are in place.

During the tuning process, the Python software will be used as a means of obtaining
feedback on the adjustments made by looking at the spectrum of the light source and the
resolution of peaks.

The first step towards the tuning of the device is to maximize the signal of the DPSS
laser. Note that, when working with any laser light source, we should make sure that
the integration time of the detector is set to its minimum - 100 ps - in order to protect the
sensor from the high intensity of the laser beam.

At this point, we want to estimate the pixel on which the light from the DPSS laser
would incide, if the device was tuned to the desired wavelength range, [A;, Af]. Assum-
ing that the wavelength to pixel number calibration is approximately linear, we can use
Eq. 5.1 with Appss = 1064nm, A; = 900nm, A¢ = 1700nm and Number of Pixels =512 to
conclude that Pixel #ppss ~ 100. Using this result, we can then rotate the grating so that

the signal from the laser is around pixel number 100.

Appss — A Pixel #ppss
A — A Number of Pixels

(5.1)

We can proceed by finding the position of the focusing mirror which focuses the DPSS
laser light on the detector. To achieve that, we start rotating the screws on the mirror
mount while trying to improve resolution and maximize the signal strength. During this
process, it is important to tighten the screws in the same direction and by approximately
the same amount since we want to actuate only on the distance between the focusing
mirror and the detector and not on the angles involved. Once the resolution of the signal
is close to the required value of 3nm, we can move on to the next step.

The following step in the tuning process consists of observing the emission pattern

of the mercury UV lamp in order to assess the resolution of the spectrometer across its
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spectral range. Here, we increased the integration time of the detector to ~ 100 — 200ms
to compensate the reduced intensity of this light source when compared to the DPSS laser.

Using this light source, we can define the angle between the grating and focusing mir-
ror which improves the overall resolution. It should be noted that, after the previous step,
the widths of the mercury lamp lines around the DPSS laser wavelength should be close
to optimal, while the resolution of the device on the longer wavelengths is, most likely, far
from ideal. To achieve a balance for the resolution across all wavelengths, we rotate the
focusing mirror so that we defocus the shorter wavelengths and focus the longer ones.
Note that, as established in the design phase of the device, the rotation of the focusing
mirror should be compensated by an opposite one of the diffraction grating, in order to
preserve the desired spectral range.

At this point, we performed an iterative process, switching between the DPSS laser
and the mercury vapor lamp. We aimed to improve the resolution of the mercury lamp
lines by actuating on the distance between the mirror and the sensor while using the DPSS
laser as a reference point for the wavelength range.

Here, we should reach a plateau where the overall resolution can’t be further im-
proved by actuating on the focusing mirror distance and angle and on the diffraction
grating angle. Therefore, we have to consider adjusting the remaining parameters: the
position of the entrance slit, the tilt of the parabola and the tilt of the diffraction grating.
By moving the entrance slit, we should be able to better center it relative to the core of the
optical fiber and the center of the parabola, which should greatly improve both the signal
strength and the resolution of the device. Furthermore, by changing the tilt of both the
parabola and the diffraction grating we can correct aberrations caused by the beam not
being parallel to the base of the spectrometer.

After this last step and some more iterations of the focusing mirror angle and distance,
we should arrive at the required resolution of 3nm while having sufficient signal strength

with the DPSS laser - ~ 80% of saturation - at an integration time of 100 ps.

5.10 Prototype Calibration

The calibration of the device is the last step in the production process. The developed

prototype was calibrated in terms of wavelength and intensity.
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5.10.1 Wavelength Calibration

In order to correctly measure the spectrum of a light source, a correspondence has to
be made between the pixels on the detector and the wavelengths of the light. To do so,
we must take light sources with well defined peaks at certain wavelengths across the
spectral range of the spectrometer and observe the detector pixel number at which said
peaks occur. The peaks used for the calibration of this device are documented in Fig.
5.9. This calibration uses light from three different sources: a mercury vapor lamp, a
DPSS CW laser and a tunable CW laser. In the case of the mercury vapor lamp, the peaks
wavelengths were measured with a calibrated state of the art spectrometer, since we did
not find any documentation for the emission spectrum of the lamp in the NIR region.
Both the DPSS and tunable lasers used were assumed to be correctly calibrated to their
respective wavelengths.

After acquiring spectra from the three different sources, we can match the known
wavelengths of the peaks to the pixel number at which they occur. A second-order poly-
nomial fit was then performed on the data, establishing a model to predict the wavelength
corresponding to any pixel on the detector - higher order contributions are usually neg-
ligible. The result of polynomial fit is shown in Fig. 5.10. As expected, the fit function is
mostly linear, having a second-order parameter ~ 10* times smaller than the first-order
one. Finally, by computing the R? = 0.99998 we can confirm that the second-order poly-

nomial model correctly predicts the wavelength to pixel number relation.
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The wavelength calibration also allows us to predict the spectral range of the device.
In the case of this prototype, this is [950.5 — 1722.5]nm, achieving the desired range within

a tolerable margin.

5.10.2 Intensity Calibration

The next step in the calibration of the device is to calibrate the relative intensity of the
light incident on different pixels on the detector. Due to the geometry of the spectrometer,
not all pixels receive the same amount of light, even if the light source is uniform across
the wavelength range. Thus, this intensity calibration is an important step in correcting
such an intrinsic characteristic and in obtaining reliable data from the spectrometer.

The calibration procedure begins with acquiring the spectrum of a white light lamp.
Then, the theoretical spectrum of a black body at the temperature of the lamp - in this case
2900K - is computed across the spectral range of the device. By taking the acquired spec-
trum and dividing it by the theoretical one, we obtain a calibration factor for the intensity
of each pixel (Fig. 5.11). It is important to note that this factor is highly dependent on the
wavelength corresponding to each pixel and should thus be recalculated whenever the
wavelength calibration is changed.

Finally, in order to be able to establish a comparison between a state of the art spec-
trometer and our prototype, the same intensity calibration procedure should be done with
the commercial spectrometer, using the same optical fiber and white light source (Fig.

5.12).
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FIGURE 5.11: Intensity calibration of FIGURE 5.12: Intensity calibration of
the developed spectrometer. the state of the art spectrometer.
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5.11 Results

In this section, we will present the final results of acquiring spectra with the developed
prototype spectrometer. We will also present a comparison between our prototype and
a state of the art spectrometer, as previously mentioned. Lastly, we will comment on the

fulfilment of the requirements set for the device.

5.11.1 Resolution

In order to correctly assess the resolution of the device we have to use a light source with
spectrum peaks across the entirety of the wavelength range. These peaks must also have
a smaller linewidth than the resolution of the spectrometer, as previously stated. For that,
the mercury vapor lamp was once again used since it fits both criteria [64]. In Fig. 5.13
we can see that the peaks of the emission spectrum of the lamp have a width close to
the required 3nm. Here, the resolution of the peaks is calculated using Eq. 5.2, where A;
and Ay are, respectively, the starting and ending wavelengths of the spectrometer’s range,
according to the wavelength calibration.
FWHM

Peak R ion = — A 2
eak Resolution Number of Pixels on the Detector X (Ag = Ai) ©-2)

"1012nm
5000 A
4000 A
) 127nm
: v
S 3000 1 2.7nm
2
‘@
3
£ 20001 2.1nm
365nm 529nm
1000 A 1356nm.J}3.0nm 3.4nm
3.3nm l
0 J~J L—‘L‘-—a-d had

1000 1100 1200 1300 1400 1500 1600 1700
Wavelength (nm)

FIGURE 5.13: Developed spectrometer resolution of the mercury vapor lamp emission
lines.
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FIGURE 5.14: Developed spectrometer resolution of the tunable laser at 1530 nm.

We can see that, in the mercury lamp spectrum, the peaks of lower wavelength (e.g.
1012nm and 1127 nm) seem to be better resolved than the peaks of higher wavelength
(e.g. 1529 nm). However, in Fig. 5.14 we can observe that, for a laser spectrum at 1530 nm,
the spectrometer has a resolution of 2.3 nm. This can be readily explained by taking into
account the binning effect of having a discrete number of pixels on the InGaAs sensor.
Since the spectrum of a given light source is continuous in wavelengths, we can easily
see that there is a possibility that some wavelengths hit the detector between two pixels
of the array. When this happens, such a wavelength is, intrinsically, less resolved. This
effect can be better understood by observing Fig. 5.15 where the tunable laser was used
to scan the short wavelength range of [1590.0 — 1591.2]nm and where we can clearly see

the effect of binning on the resolution of the peak.
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FIGURE 5.15: Effect of pixel binning on the resolution of the tunable laser at [1590.0 —
1591.2]nm. If a certain wavelength is incident in the middle of two pixels, they will both
capture some amount of light and thus the device is not able to properly resolve the line.
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5.11.2 State of the Art Comparison

The final result taken from the analysis of the prototype is a comparison with a state of the
art spectrometer of the same characteristics. To do so, the spectrum of both the mercury
vapor lamp and the fluorescent lamp were taken with both spectrometers.

We begin by computing the resolution of the emission lines of the mercury vapor
lamp, acquired with the reference spectrometer. We can see that the resolution is below
the reference 3nm threshold, as expected (Fig. 5.16). However, this spectrometer has
a much smaller spectral range (~ [900 — 1400|nm) than the prototype developed in this
work (~ [900 — 1700]nm) which factors into the higher resolution of the device, according

to Eq. 2.11.
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FIGURE 5.16: State of the art spectrometer resolution of the mercury vapor lamp emission
lines.

We then overlapped the spectra obtained with the two different spectrometers, from
each light source. To have a sense of the deviation of the prototype from the reference
spectrometer, we applied both the intensity and wavelength calibration to the data. The
results are shown in Fig. 5.17. From the two overlapped spectra, we can qualitatively see
that the spectrometers return approximately the same spectrum, in terms of wavelength
and, in the case of the mercury lamp, also in intensity of the spectrum. However, we
can also immediately see that in the spectrum of the mercury vapor lamp of the reference
spectrometer, an extra peak appears at around 1100nm, which does not appear in the

developed prototype spectrum. We initially thought that the detector could have some
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malfunctioning pixels around that region, however, that would have been made apparent
when the white light spectrum was measured for the intensity calibration. The reason of
the discrepancy is still yet to be unfolded and further testing is required to determine its

origin.
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FIGURE 5.17: Comparison between the developed prototype and the state of the art spec-
trometer. Top: mercury vapor lamp spectrum. Bottom: fluorescent lamp spectrum.

From the fluorescent lamp data, we can see that the two acquire spectra agree in terms
of wavelength and intensity, in the majority of the spectral range. However, the peak of
wavelength a little over 1000 nm shows a local inconsistency in terms of intensity. Fur-

thermore, we can again notice the missing peak close to the 1100 nm and a new one above
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the 1200nm. Future work must be done to understand the origin and correct these two

discrepancies.

5.11.3 Requirements Fulfilment

The final step in the verification of the developed prototype is to evaluate the fulfilment
of the initial requirements, following Table 5.1.

We begin by analysing the spectral range of the device. As mentioned in Sec. 5.10.1,
the achieved wavelength range of the spectrometer is [950.5 — 1722.5|nm. This is a range
of 772nm, which is only 3.5 % less than the established 800 nm. This is an acceptable error
since this range could be further adjusted in a future version of the spectrometer and thus
we can say that this requirement has been fulfilled. The achieved spectral range is also
higher than the one in the state of the art spectrometer used for comparison purposes.

Moreover, the required resolution of ~3 nm was achieved, as can be seen in Sec. 5.11.1.
Additionally, this resolution was obtained with a high spectral range and across the entire
spectrum of a source.

Furthermore, the prototype has a footprint of 75 mm x 120 mm, which fulfils the set
requirement for the footprint of the device. However, the control PCB for the detector has
a height of ~50 mm which imposes a limit to the compactness of the device in volume.
Future work should be done in developing a more compact version of this PCB.

An SMA optical fiber connector has been implemented in the developed prototype, as
required.

The cost target of 3500 € was achieved for the current prototype. For a new version of
the device with a different PCB, the cost will be re-evaluated, but we do not expect a sig-
nificant change given the low cost of electronics compared to the remaining components.
The price of the final device is one of the primary achievements of the development pro-
cess since a state of the art device is more than twice as expensive, which has an impact
in the overall cost of production of the d-scan product.

Besides that, a software library to manage the device is in the early stages of devel-
opment. The library has already been used to perform the most basic of features of the
spectrometer (e.g. setting integration times and acquiring spectra) but is not ideal in man-

aging the serial connection to the spectrometer.
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Finally, even though the detector PCB allows for external triggering, this feature has

not been implemented in this version of the device and has thus been left for future de-

velopment.
# Requirement Achieved State of the Art
1 Spectral Range Yes. [950.5 — 1722.5]nm. ~ [900 — 1400]nm.
2 Resolution Yes. ~3nm. ~3nm.
3 Size Yes. 75.0mm x 120.0 mm. 70.5mm x 104.0 mm.
4 Optical Fiber Connector Yes. Yes.
5 Cost Yes. <3500 €. More than 2x as much.
6 Software Yes. Can control device but Yes.
not manage the USB con-
nection.
7 External Trigger Not implemented. Yes.

TABLE 5.2: Fulfilment of the set requirements for the development of an InGaAs spec-
trometer.

5.12 Chapter Review

A high resolution InGaAs spectrometer was developed as part of this project.

We begin the chapter by setting the technical requirements of the device which will
serve as figures of merit of the final prototype. The three most important requirements are
the spectral range ([900 — 1700]nm), the resolution (3nm) and the size (85.0 mm x 125.0
mm X 50.0 mm).

In the design phase of the device, we defined the optical geometry and performed ray-
tracing simulations to set the positions of the optical elements. These simulations helped
us conclude on the impact of each degree of freedom on the final spectrum acquired. Us-
ing the results of these simulations we designed custom mounts for the optical elements
to facilitate the assembly of the device and to make it as compact as possible.

We then moved on to assembling a table-top demonstrator of the spectrometer, which
proved useful in securing the feasibility of the device, using the geometry defined in the
design phase. However, because of the physical restrictions involved when using com-
mercially available optical mounts, we were not able to accurately verify the ray-tracing

simulations, thus obtaining a not so ideal resolution of ~20nm.
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Moreover, we present the C++ software built to control the spectrometer. This library
implements a full pipeline for the acquisition of spectra with the device. This library
is also used together with a simple Python script to help in the tuning of the device by
continuously acquiring spectra and measuring the resolution of the spectrometer.

In order to be able to achieve the desired resolution of 3 nm, we were required to make
changes to the optical components used, when the project was transferred to the prototype
phase. Because of this, a slit of 15 um width was used in the final device. Additionally,
the parabola and diffraction grating were changed to more compact versions.

Furthermore, we proceeded with the assembly of the prototype spectrometer. Here, a
HeNe laser was used as a reference beam for the alignment of the parabola and entrance
slit and for the rough positioning of the remaining optical elements.

Then, an experimental setup was defined as part of the prototype tuning process. This
step of the process consisted on using both a DPSS CW laser and a mercury vapor lamp
to adjust the positions of the optical elements in order to improve resolution and define
the device’s spectral range. At this point, a resolution of 3nm was achieved with ap-
proximately the desired spectral range and a signal strength of ~ 80% of saturation at an
integration time of 100 us for the DPSS laser spectrum.

The final step in the production of the device is the calibration in terms of wave-
length and intensity. The wavelength calibration resulted in a set of three parameters
for a second-order polynomial to match the wavelength to the corresponding pixel on the
detector. This model predicts the data with R? = 0.99998. From this calibration we obtain
the spectral range of the prototype, [950.5 — 1722.5]nm, which can later be adjusted to
better match the set requirement. The intensity calibration of the device was performed
by dividing the acquired spectrum from a white light lamp by the theoretical model of a
black body at T = 2900 K, which results in a calibration number for each pixel.

After the calibration of the device, we proceeded to analyze the results of acquiring
different spectra. In terms of resolution, we were able to obtain a peak width of less than
the required 3 nm, across the whole spectral range. We observed how the binning effect -
having a discrete number of pixels on the detector - affect the resolution in some cases. We
then used two different light sources - the mercury vapor lamp and a fluorescent lamp - to
compare the developed prototype with a state of the art spectrometer. We conclude that

both devices obtain similar spectra both in terms of wavelength calibration and intensity.
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Finally, we verified all the mandatory requirements. Here, we leave for future work
the design of a more compact version of the detector control PCB, the integration of an
external trigger signal and the further development of a self-managed software library to
control the device. Nevertheless, the developed spectrometer has already been success-

fully integrated in a fully operational d-scan product.






Chapter 6

Final Remarks

The d-scan technique by Sphere Ultrafast Photonics is an enabling technology for several
areas of modern research and industry since it allows for the characterization and opti-
mization of ultrashort laser pulses. The technique requires the use of somewhat expensive
components such as a high precision translation stage and an InGaAs spectrometer. It also
benefits from the implementation of a trigger signal to be used with low repetition rate
lasers. The aim of this masters thesis was to develop custom versions of those devices,
enabling the manufacturing of a low-cost d-scan product, and to implement the trigger
feature using a custom designed PCB.

In Chapter 2 we introduce the relevant aspects to understanding the motivation of this
thesis, going through the physics behind ultrashort pulses and introducing the concept of
dispersion compensation with a d-scan product. In this chapter we also provide an anal-
ysis on the aspects required to develop a custom high precision translation stage such
as the travel range, resolution and size. A similar analysis is performed on NIR InGaAs
spectrometers, introducing concepts such as the spectral range and resolution. A market
research is performed both on high resolution translation stages and on NIR spectrome-
ters. This analysis, together with the needs of a d-scan product, provides a basis for the
definition of the development requirements for such products.

Chapter 3 offers insight on the design process of custom PCBs which aim to implement
a trigger signal on the d-scan products. The result of the process shows the successful
implementation of the opto-isolation of the input trigger signal, the conversion of this
signal from TTL to LVTTL and the implementation of a LED driver, in a compact and

easy to integrate board. By extensively testing the device, we conclude that it fulfils all
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the set requirements. Because of this, we were already successful in integrating these
PCBs in several d-scan products thus enabling the trigger feature for the devices.

Chapter 4 details the development of a high precision translation stage. Requirements
are set for the minimum travel range of the device (50 mm), the minimum step length
(100 pm) and the direct integration of a glass wedge pair for the d-scan application, among
others. The architecture of the device is defined according to these requirements by opting
for a manual stage of sufficient travel range (65 mm) and screw lead (0.8 mm/rev) which
will be coupled to a stepper motor. The chosen motor is capable of fulfilling the stepping
resolution requirement by allowing for 200 steps/rev. We also decided that the control for
the stage shall be provided by an Arduino Nano with an A4988 stepper motor controller.
CNC parts were designed to fit all the components on a single assembly which supports
mounting on a metric optical table and direct use with a glass wedge pair with angles of
either 5° or 10°. A control PCB was also designed to provide a manual control knob for
the stage and a home position calibration sensor. We developed a C++ library featuring
the sufficient methods to be used with the existing d-scan software. The translation stage
was tested by performing both an interferometric measure and by performing d-scans of
an ultrafast Ti:Sapph oscillator. We found that the stage was able to perform the interfero-
metric measurements with an error of 7.46 %, on average, when considering the expected
distance between maxima of the interference pattern. On the other hand, the data shows
a 23.5 % standard deviation from the mean, when using the minimum step length of the
stage. However, this instability is expected to be much lower for larger step lengths of
the stage. This was later confirmed by the performed d-scans which provided an average
2% RMS error and consistently retrieved a pulse width of around 8.58 fs and a pulse peak
power of over 95 %. Finally, it is worth noting that the cost of this device was kept under
the budget of 500 €. We can thus say that the development was successful and the device
could be used with the d-scan technique, in the near future.

Chapter 5 shows the development process of a high resolution InGaAs spectrometer.
The main requirements for the device were to have a spectral range in the NIR region of
[900 — 1700]nm and a spectral resolution of 3 nm. To achieve this, Matlab ray tracing sim-
ulations were run to establish the geometry of the device. Custom mounts were designed
to make the design as compact as possible. After developing a C++ library to control
the spectrometer, we assembled the prototype and began the tuning process. By using

a DPSS CW laser and a Mercury vapor lamp as reference light sources, we reached the
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required 3 nm resolution with a signal strength of ~80 % of saturation at an integration
time of 100 ps for the DPSS laser. We then performed a wavelength calibration of the
device with a second-order polynomial model resulting in an R? of 0.99998. From this,
we retrieved the spectral range of the device, [950.5 — 1722.5|nm, which is within the re-
quired specifications. An intensity calibration was also performed, using a white light
lamp and the theoretical model of a black body at the temperature of the lamp, 2900 K.
We then observed spectra from different light sources and concluded that the required
3nm resolution was achieved across the whole spectral range. A comparison was made
between the developed device and a state of the art InGaAs spectrometer showing that
the spectra acquired by both devices agree, to a good extent, in terms of wavelength cal-
ibration and intensity. Note that, even though the two devices have a similar resolution,
the developed spectrometer has a spectral range approximately 35 % larger than the one
on the state of the art device. It is also important to mention that this device is extremely
compact, having a size of 120mm x 75mm x 47 mm. Finally, the total cost of this device
was kept under the budget of 3500 €.

Future work can be performed in further characterizing the mechanical robustness of
the translation stage, resulting in a measure of its expected lifetime in travel distance, and
on improving the compactness of the spectrometer by redesigning the control PCB for the
InGaAs sensor.

Overall, I believe that this thesis achieved the proposed objectives. We were able to
add the trigger feature to several d-scan devices, developed a translation stage which is
compact, easy to integrate in a d-scan product and capable of performing well when used
with the technique and demonstrated a very compact, high resolution, InGaAs spectrom-

eter, that has since been integrated in a fully operational d-scan product.






Appendix A

Requirements Tables

A1 Trigger PCB

A.1.1 Definition

# Requirement Description Priority

1 Power Conversion Implement a DC-DC converter capable of convert- Mandatory
ingal2Vor15Vinputto5V.

2 Trigger Input Implement a TTL trigger signal input using a Hi- Mandatory
rose U.FL coaxial connector.

3 Timing delay The PCB should introduce a maximum delay of 1 Mandatory
ps on the trigger signal.

4 Opto-isolation Implement a circuit based on an opto-coupler to Mandatory
isolate the input trigger signal from the instru-
ments under control.

5 Signal Conversion Convert the TTL signal to Low-Voltage TTL Mandatory
(LVTTL).

6 LED Driver Implement an LED driver for the intensity calibra- Mandatory
tion of spectrometers in a d-scan product.

7 Size Achieve dimensions of less than 50mm x 60 Mandatory

mm x 6 mm for the component populated board.
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# Requirement Description Priority
8 Mounting Holes Implement at least two M3 mounting holes for se- Mandatory

curing the PCB to the product
9 GPIO Pin Interface  Implement an interface with the GPIO pins on the Desired

instruments under control.

TABLE A.1: Technical requirements for the development of a trigger PCB.

A.1.2 Fulfilment

Mounting Holes Yes.

# Requirement Achieved

1 Power Conversion Yes. Using external DC-DC converter.
2 Trigger Input Yes.

3 Timing Delay Yes. Tested for range [0.1Hz - IMHz].
4 Opto-isolation Yes.

5 Signal Conversion  Yes.

6 LED Driver Yes.

7 Size Yes.

8

9

GPIO Pin Interface Yes.

TABLE A.2: Fulfilment of the set requirements for the development of a trigger PCB.
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A.2 High Precision Translation Stage

A.2.1 Definition

#  Requirement Description Priority

1 Resolution Achieve a minimum step length of 100 pm. Mandatory

2 Travel Range Support a travel range of at least 50mm.  Mandatory

3  Maximum Speed Achieve a maximum stepping speed of 20 Mandatory
mm/s.

4  Size Achieve a total footprint of less than 185.0 Mandatory
mm X 75.0 mm.

5 Communication Interface Support communication with a computer Mandatory
through a USB connection and a C++ li-
brary.

6  Optical Table Support Support use with metric optical tables, at Mandatory
the glass wedge angles of 5° and 10°.

7 Glass Wedge Support Integrate the mounting of the glass Mandatory
wedges directly on the stage base and
moving platform.

8  Home Calibration Support home position calibration. Mandatory

9  Manual Control Support the use of a knob as a manual con- Mandatory
trol of the movement of the stage, when
power is connected.

10  Price Keep the total cost of the device, including Desirable

the controller, under 500 €.

TABLE A.3: Technical requirements for the development of a high precision translation

stage.
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A.2.2 Fulfilment

#  Requirement Achieved State of the Art
1  Resolution Yes. ~250nm. 47nm. Overdefined for
this particular application.
2 Travel Range Yes. 65 mm. 50 mm.
3  Maximum Speed Acceptable for the applica- 7mm/s.
tion. Not quantified.

4  Size Yes, within an acceptable 172.9mm x 65.0 mm.
margin. 186.3mm x 74.4
mm.

5 Communication Interface Yes. USB. RS-232 /USB.

6  Optical Table Support Yes. At5°and 10° angles. No direct support for
mounting at a custom
angle.

7 Glass Wedge Support Yes. Direct integration. Requires additional cus-
tom parts.

8  Home Calibration Yes. Yes.

9  Manual Control Yes. Yes.

10  Price Yes. <500 €. More than 3x as much.

TABLE A.4: Fulfilment of set requirements for the development of a high precision trans-

lation stage.
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A.3 High Resolution InGaAs Spectrometer

A.3.1 Definition

# Requirement Description Priority

1 Spectral Range Support a wavelength range of [900 — 1700] Mandatory
nm.
2 Resolution Achieve a resolution of 3 nm. Mandatory
3 Size Achieve dimensions no more than 85.0 Mandatory
mm X 125.0mm x 50.0 mm.
4 Optical Fiber Connector Support SMA optical fiber input. Mandatory
5 Cost Keep the total cost of the device under abud- Mandatory
get of 3500 €.

6 Software Self managed library to interface with a Win- Desired
dows computer.

7 External Trigger Support external TTL trigger. Desired

TABLE A.5: Technical requirements for the development of an InGaAs spectrometer.

A.3.2 Fulfilment

7 External Trigger

not manage the USB con-
nection.

Not implemented.

# Requirement Achieved State of the Art

1 Spectral Range Yes. [950.5 — 1722.5|nm. ~ [900 — 1400]nm.

2 Resolution Yes. ~3nm. ~3nm.

3 Size Yes. 75.0 mm x 120.0 mm. 70.5mm x 104.0 mm.
4 Optical Fiber Connector Yes. Yes.

5 Cost Yes. <3500 €. More than 2x as much.
6 Software Yes. Can control device but Yes.

Yes.

TABLE A.6: Fulfilment of the set requirements for the development of an InGaAs spec-

trometer.
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